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Abstract
Point-Of-Care (POC) devices, due to their better portability and easy-to-use func-
tions, have already found their way into the domestic house hold appliances. The
technologies developed for these devices have enabled the mankind to monitor the
health related problems at home such as the blood pressure, glucose, hemoglobin,
cholesterol level in the blood and many more. The efforts are now being made to
develop a Point-Of-Care Technology (POCT) that can detect cancer at an early and
potentially treatable stage. To fulfill this requirement, a highly sensitive sensing
technology is needed that can detect very small amount of cancer markers in the
blood drop to be used in a POC device.
Silicon Nanowires (SiNW) in a field effect setup have been demonstrated as a
highly sensitive tool that can be used to detect very small amount of biomolecules.
However, the manufacturing method to produce them relies on highly expensive
tools e.g. e-beam lithography, and expensive substrates e.g. Silicon-On-Insulator
(SOI) which poses hurdle in cheap and fast production of the devices that can be
used for both research purposes and for domestic use.
In this project, a novel fabrication method, using in-situ doped polysilicon, has
been developed for SiNW based devices that does not require the above mentioned
expensive tools and resources thereby enabling faster and cost effective production
of devices as compared to the already developed methods. In addition to this, the
device has been made even more compact and portable by using a novel polyimide
based technology to integrate microfluidics on top of SiNW sensor. Various gen-
erations of prototype devices have been used for bio-sensing experiments to detect
antibodies and DNA hybridization that has shown very promising results and po-
tential application of the device in clinical and patient level diagnostics.
In the first part of this thesis, the fabrication process of producing the SiNW
based devices is explained in detail where three generations of the process are devel-
oped in order to obtain highly sensitive device. Different characterization techniques
have been used to ensure better reproducibility and high throughput while keeping
the sensitivity of the SiNW to a high level.
In the second part, the fabrication process to produce microfluidic channel on top
of bio sensors by using polyimide is developed. The fabrication process to integrate
closed-microfluidic system on top of SiNW is demonstrated. The durability of the
microfluidic system has also been tested.
In the third part, different functionalization methods are explained and used to
demonstrate the bio sensing on the SiNW sensor. The detection of cancer biomarker
is also tested on these devices. Lastly, the alternative fabrication processes developed
during this PhD project are discussed along with the problems faced during the
development. These devices could not be tested due to time constraints.
Resumé (in Danish)
Point-of-Care (POC) systemer har allerede fundet vej ind i hospitalerne, praktis-
erende læger og endda private huse, på grund af deres bedre portabilitet og bruger-
venlighed. De teknologier, der er udviklet for disse systemer, har gjort det muligt for
os at overvåge sundhedsrelaterede parametre i hjemmet, såsom blodtryk, glukose,
hæmoglobin, kolesterol i blodet og mange flere. Der arbejdes nu på at udvikle en
Point-of-Care Technology (POCT), der kan opdage kræft på et tidligt stadium, hvor
den kan potentielt behandles. For at opfylde dette krav, er et meget følsomt sensor
teknologi nødvendig, dvs. en teknologi, der kan påvise de meget små mængder af
kræftmarkører i en dråbe blod, som er den mest almindelige patientprøve brugt til
en POC system.
Silicium nanotråde (Silicon nanowires - SiNW), brugt som halvlederen i et felt-
effekt transistor konfiguration, er et meget følsomt værktøj, der kan anvendes til at
detektere meget små mængder af biomolekyler. På nuværende tidspunkt er deres
fremstillingsmetode for det meste afhængig af dyre værktøjer, f.eks. e-beam litografi,
og dyre substrater, f.eks. Silicon-On-Insulator (SOI) substrater. Dette udgør en
forhindring for den billige og hurtige fremstilling af de systemer, noget der er nød-
vendigt, hvis de skal anvendes i en POC system.
I dette projekt er en hidtil ukendt fremstillingsmetode for SiNW transistore
udviklet, ved anvendelse af in situ doteret polysilicium. Metoden kræver ikke brug
af de ovennævnte dyre værktøjer og ressourcer, hvilket betyder at den muliggør
hurtigere og omkostningseffektiv produktion af denne type transistorer i forhold
til de nuværende metoder. Udover dette er hele systemet blevet gjort endnu mere
kompakt og transportabel ved hjælp af en ny polyimid-baseret teknologi, brugt til at
integrere mikrofluidiske kanaler ovenpå den SiNW sensor. Forskellige generationer af
prototyper er blevet anvendt til flere eksperimenter for at påvise deres funktion som
sensorer, såsom målinger af antistoffer og detektion af DNA hybridisering. Disse
har vist meget lovende resultater, og derfor demonstrerer den potentielle anvendelse
af systemet til klinisk diagnostik på patient niveau.
I første del af denne afhandling forklares fabrikationsprocessen til fremstilling af
SiNW-baserede systemer på et detaljeret niveau. Processen er udviklet i tre gener-
ationer med henblik på at opnå systemer med en høj grad af følsomhed. Forskellige
karakteriserings-teknikker har været anvendt for at sikre en hurtig og robust proces,
hvor følsomheden af de fremstillede SiNW holdes på et højt niveau. I anden del
beskrives udviklingen af fabrikationsprocessen til dannelse af mikrofluid-kanaler på
biosensorerne ved brug af polyimid. Det vises hvordan fabrikationsprocessen opti-
meres, og hvordan mikrofluid-systemet integreres med SiNW i et lukket-kanal de-
sign. Forskellige afprøvningsmetoder har været anvendt for at verificere mikrofluid-
systemets bestandighed.
I tredje del vises hvordan SiNW overfladen modificeres for at muliggøre detektion
af biomolekyler. Forskellige funktionaliseringsmetoder forklares og anvendes til at
demonstrere, at SiNW sensoren er i stand til at fungere som biosensor. Detektion
af biomarkører for kræft afprøves også på disse systemer.
Til sidst diskuteres alternative fabrikationsprocesser udviklet i løbet af dette PhD
projekt, herunder de i løbet af udviklingen konstaterede problemstillinger. Grundet
tidsbegrænsninger kunne disse systemer ikke testes fuldt ud.
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Introduction
Since invention of the first ever biosensor in 1962 which was used to sense glucose by
electrochemical sensing [1]. The field of biosensors has grown drastically and recent
developments in nanotechnology have enabled us to produce miniaturized sensors,
also known as nano-biosensors that require smaller amount of sample for bio-sensing
[1, 2, 3, 4]. During the last few years, integration of these nano-biosensors with
microfluidics has opened a new era of compact point-of-care (POC) devices that can
play a major role in patient level diagnostics, personalized treatment, global health,
drug development, food safety, and forensics [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,
16, 17, 18, 19]. According to American College of Pathology, POC testing (POCT)
is defined as “tests designed to be used at or near the patient, that provide instant
results, that do not require permanent dedicated space, and that are performed
outside the clinical laboratories” [20].
This research project is part of the European Commission Marie Curie Net-
works for Initial Training (ITN) entitled “Engineering for Cancer and Brain diseases
(EngCaBra)” involving 11 partners in total with medical, engineering and industry
backgrounds. The broader aim of the project is to develop novel diagnostic methods
and devices for early and reliable detection of cancer and brain diseases. Diagnosis
of cancer at an early stage, in particular, is a compelling clinical need to allow effi-
cient and personalized treatment decisions. Therefore, a highly sensitive and reliable
detection method is required to address the gap.
The focus of this part of the project, carried out as my PhD thesis, is to design
and fabricate silicon nanowire based biosensors with better yield and reproducibil-
ity. This biosensor has been demonstrated as a sensitive tool to detect very low
concentration of biomolecules [21]. In addition to that the aim was to integrate the
biosensor with a microfluidics system that can further be developed into POC device
to be used as a tool to detect cancer from a drop of blood.
1.1 Point-Of-Care Testing for diagnostics
POC testing (POCT) has revolutionized the field of medical diagnostics by combin-
ing many advantages, such as fast processing, less sample handling, requirement of
less sample material and reagents, affordability and ease of on-site detection [5, 13,
22, 23]. This technology has made its mark by significantly reducing the turnaround
time as compared to conventional laboratory testing, from days and weeks to min-
utes and seconds figure 1.1, which is very important in clinical set-up for early
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diagnosis, prescription of medication in the same visit to the doctor, monitoring the
treatment etc.
Figure 1.1: Turnaround time for results with point-of-care testing (POCT) compared
to a conventional testing procedure [15]
POCT can also considerably reduce the economic burden in health care sector
by offering ease-of-use at home so that patients can be monitored remotely for their
health status thereby reducing the number of patients visiting health centres. An-
other advantage of POCT is its portability for onsite diagnosis that has been limited
previously but has improved incredibly during last couple of years. A lot of design
approaches are being implemented in microfluidic systems such as sample handling
in biosensors without pumps/valves, the application of droplet-based microfluidics
and paper-based microfluidic systems. These systems are used in lab-on-a-chip plat-
forms, micro total analysis systems, and fluidic cartridges/ lateral flow (LF) strips.
At the same time electronic read-out systems for biosensors with wireless commu-
nication ability and smart phone based interface are also developed [15, 16, 17, 24].
These POC devices can range in size from small chip to a table-top system [9].
The ideal design for a POCT device should include biosensor integrated with mi-
crofluidics in the system with an appropriate read out to allow automated processing
of raw samples within the device, thereby requiring minimal operator training or in-
tervention [25]. To achieve this, in this project, the design of the biosensor is made
in such a way that it can easily be integrated with microfluidic system. Moreover,
the fabrication method for the biosensor is carefully developed to keep the power
consumption of the device to a low level. The goal in the end is to read-out the
biosensor using smart phone based table top POC system.
1.2 Sensing with labels
The most common technique implemented in molecular- and microbiology for bio-
sensing is the labeling of the molecules with fluorescent markers [26]. In this de-
tection technique the target molecule is captured by the receptor (or specific anti-
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body) molecule immobilized on the surface of the sensor followed by washing step
to remove any unbounded molecules. After this step fluorescence labeled molecule,
having binding affinity to the target molecule, is immobilized which then binds to
the target-receptor (or target-antibody) complex. The fluorescence is observed on
the sensor’s surface by shinning laser (of specific wavelength) which confirms the
success of the binding event. Thus the intensity of the fluorescence corresponds
to the concentration of the target molecule in the sample. Figure 1.2 shows the
schematic diagram of the detection steps by labeling molecules. The other variation
in this technique can be done by conjugating the label to the target first and then
immobilizing the target to the surface. In this case, the labelling can change the
binding affinity of the target molecule, which can result in the variation of the ana-
lyte to the receptor coupling reaction [27]. The limit of detection (LOD), which is
the measure of the lowest amount of the target biomolecule a sensor can sense, by
this technique is in zepto mole range [28]. This technique is time consuming, labo-
rious, expensive and requires more space which is a hurdle in the miniaturization of
the biosensors and compact POC devices with integrated microfluidic and electrical
read-out systems.
Receptor
Surface
Target
Label
Figure 1.2: Schematic diagram of the detection process by labelling method
1.3 Label-Free Sensing
In label-free sensing, binding of the unlabeled target molecule to the sensor’s sur-
face changes the electrical behavior of the sensor e.g. resistance, capacitance etc.
[29]. Label-free sensing technique has been proven to be the better alternative for
biosensors with the ability to monitor real-time binding event of the analyte to the
sensor’s surface [30, 31]. The fact that the signal from the sensor can be read elec-
tronically enables the miniaturization of the sensor by integrating the sensor with
the electronic read-out systems using modern CMOS (Complementary Metal Oxide
Semiconductor) microelectronics fabrication techniques. There are several label-free
sensing techniques that are used for bio-sensing purposes now-a-days e.g. piezoelec-
tric , piezoresistive, redox potential and optical index based transducers. In this
section the most common label-free sensors used for bio-sensing are discussed.
1.3.1 Quartz Crystal Microbalance Sensor
Quartz Crystal Microbalance (QCM) which has a mass-sensitive piezoelectric crys-
tal with excitation electrode is commercially available label-free sensor [32]. It is
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adapted to the liquid medium and gives a direct response signal in the form of change
in the resonant frequency of the surface when the binding event occurs between a
sensitive layer, grafted onto the surface of the transducer for specific analyte detec-
tion [33]. The LOD for QCM is ∼ 1ng [34, 32] which can be enhanced by higher
frequency but then the signal to noise ratio goes down. QCM has been used for
the detection of DNA, protein–ligand interactions, virus capsids, and bacterial and
mammalian cells [15, 35].
1.3.2 Cantilever Sensor
Another transducer which is mostly used for label-free sensing is cantilever which
has a piezoresistive component that translates the mechanical movement in the
cantilever to the electrical signal. The detection principle is based on the change
in the resonant frequency of the cantilever upon binding of the target analyte to
its functionalized surface [36, 37]. The LOD for the cantilever is in the range of
1pg-1fg [38]. Cantilevers have been used to detect single virus, cancer biomarkers
and nanoparticles in fluid [30, 38, 39].
1.3.3 Amperometric Sensor
Amperometric biosensors measure the change in electric current due to redox re-
actions that occur upon interaction of electroactive biomolecules on the surface of
the biosensor. It consists of a working electrode covered by a bio-recognition layer
(a thin layer of enzymes) that catalyzes the redox reaction on top of the electrode
surface thereby generating reactive by-products and releasing electrons that can be
measured in form of a current through the working electrode. This technique has
been used to sense glucose, lactate [40], pesticides and nerve agents [41].
The sensitivity of any label-free sensor depends on the kinetics of the binding
reaction i.e. strength of the binding between the target and receptor molecule. It
can also be referred as the slope of the response curve [42] of the binding event.
The current limitation of the label-free sensors lies in the non-specific binding of
the biomolecules to the surface which needs improvement in probe immobilization
chemistries. So far, there is no single agreed method to compare the LOD or sensi-
tivity of different label-free sensors based on the published results [31].
1.4 Silicon Nanowire Label-Free Sensor
The silicon nanowire (SiNW) in a field effect setup, where biological sample acts
as gate, is used as a label-free sensor that is termed as Bio-FET sensor hereafter.
The factors that are considered important for this project include its low cost, high
sensitivity, reduced size as a biosensor, possibility of integration with microfluidics
and CMOS read-out system for real-time monitoring of the binding event along with
its development towards compact POC device with smart phone display and control
system.
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1.4.1 Sensing Principle
SiNW Bio-FET sensor operates as a potentiometric sensor which means that the
charged chemical or biomolecules bound to the surface of the SiNW can influence
the charge carrier distribution in the conducting channel of the SiNW. The factors
that make it highly sensitive are the high surface to volume ratio and its size,
especially radius, which are comparable to the biological species. Figure 1.3 shows
the schematic of the biomolecule sensing using p-type SiNW. The detailed theory
along with the limitations of this sensor is discussed in Chapter 2.
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Figure 1.3: Schematic diagram of the sensing principle using p-type SiNW. The
target molecule with a certain charge binds to the receptor immobilized on the
sensor’s surface which changes the charge distribution in SiNW
1.5 State of the art
The first demonstration of SiNW as label-free sensor was made by Yi Cui et al from
Charles Lieber’s research group where they detected streptavidin (target molecule)
by functionalizing the SiNW with biotin (receptor). They were able to detect the
concentration of streptavidin down to 10pM in real time measurements [43]. They
also tested reversible protein reaction on biotin functionalized surface by immobiliz-
ing monoclonal antibody against biotin (m-biotin). A change in signal was observed
due to binding of m-biotin to the surface. The m-biotin was removed by using pure
buffer solution which again resulted back to the original conductance in the SiNW.
In addition to that, they also demonstrated the pH sensing by using solutions of
different pH values on the functionalized SiNW with 3-Aminopropyltriethoxysilane
(APTES). Figure 1.4 shows the results from Yui et al demonstrating real time de-
tection of reversible protein and pH sensing. Later on, the SiNWs fabricated by
them using bottom-up method (explained in the next section) were used for suc-
cessful detection of DNA [44],virus [21], and cancer detection by multiplexing [45].
However, the fabrication method of SiNW developed by the fore-mentioned research
group was complex and was later improved by various other research groups who
developed different fabrication processes by using Silicon-On-Insulator (SOI) wafers
[46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57] and polysilicon [58, 59, 60, 61, 62] with
demonstration of successful bio-sensing.
In the section below the most commonly used techniques for fabrication of SiNW
Bio-FET sensor, developed over the years, are explained.
Chapter 1 Azeem Zulfiqar 5
Novel Diagnostic Methods
(a) (b)
Figure 1.4: Real-time detection of reversible protein binding (a) Plot of conduc-
tance versus time for a biotin-modified SiNW, where region 1 corresponds to buffer
solution, region 2 corresponds to the addition of 3 µM m-antibiotin antibody (460
µg/ml), and region 3 corresponds to flow of pure buffer solution (b) Real-time detec-
tion of the conductance for an APTES modified SiNW for pHs from 2 to 9; the pH
values are indicated on the conductance plot (inset top). Plot of the time-dependent
conductance of a SiNW FET as a function of the back-gate voltage (inset bottom).
Field-emission scanning electron microscopy image of a typical SiNW device [43].
1.6 Fabrication Techniques
The fabrication of the SiNW can be divided into two main categories i.e. bottom
up fabrication and top down fabrication.
1.6.1 Bottom up fabrication
This technique has been adopted by the Charles Lieber’s research group where they
have used vapor-liquid-solid (VLS) process to grow SiNW on the substrate[59]. The
gold particles are first adsorbed on the substrate which is then transferred into the
furnace where the mixture of silane (SiH4), diborane (B2H6) and argon (Ar) gases
is released at 460℃. This furnace process results in the growth of p-type SiNW
grown in the random directions and the diameter of the SiNW is set by the size of
gold particle adsorbed on the substrate. This step is followed by Scanning Electron
Microscopy (SEM) and Tunneling Electron Microscopy (TEM) inspection of the
SiNWs. Figure 1.5 shows the schematic diagram of this process. The next step is
(a) (b)
Au particle
Vapor
SiNW
Figure 1.5: Schematic diagram of SiNW growth using Vapor-Liquid-Solid process
sonication in ethanol solution which releases the SiNW from the substrate and makes
the solution containing free standing SiNW. Another substrate with insulator on top
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is then patterned with electrodes made in Chromium and Gold followed by SiNW
solution dispensation and alignment by Langmuir-Blodgett process. The passivation
of the electrodes is done by Plasma Enhanced Chemical Vapor Deposition (PECVD).
Figure 1.6 shows the images during fabrication process. The main advantage of this
(a) (b)
Figure 1.6: (a) SEM Image of grown SiNW (b) highlighted red circles indicate the
positions of SiNWs between source and drain electrodes [Taken from [63]
technique is that the radius of the SiNW can be adjusted by changing the size of the
Au particle that can influence the sensitivity of the biosensor. However, the process
has various limitations including comparatively low yield, batch to batch variation,
and moderate to poor reproducibility of the SiNW patterning. In addition to this,
the process is time consuming and involves several inspection steps.
1.6.2 Top down fabrication
The top down fabrication of SiNW Bio-FET devices is based on the standard semi-
conductor processing steps where the patterning techniques like e-beam, deep UV
lithography followed by dry or wet etching are commonly used, and the source-drain
contacts are made by e-beam evaporation technique.
1.6.2.1 Fabrication by e-beam lithography
In this technique the SOI wafer with thin device layer, in the range of 100 nm, is
used as the substrate. The first step is to grow silicon dioxide (SiO2) on top of it by
dry oxidation process which reduces the thickness of silicon to 40-50 nm. The source
drain contacts are ion-implanted to form ohmic contacts after metal depostion. The
e-beam lithography is done on top of PMMA (PolyMethyl MethAcrylate) which is
used to pattern Chromium after lift-off process. The Cr serves as a mask to pattern
SiO2 by dry etching. After removing Cr SiNW are patterned by dry etching. The
metal contacts are formed later by lift-off process followed by passivation [51] figure
1.7 This process provides higher yield and better reproducibility in comparison to
bottom up fabrication technique but at the same time, the cost of producing the
devices is raised due to use of expensive SOI wafer and e-beam lithography.
1.6.2.2 Fabrication by Nano-imprint lithography
In this technique, SOI wafers are used with device layer thickness of around 360
nm. The thickness of device layer is reduced by wet oxidation followed by removal
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(a) (b)
Figure 1.7: SEM image of SiNWs (a) linewidth (LW) and line edge roughness (LER)
of silicon nanowires fabricated by the top-down nanofabrication process (electron
beam lithography and reactive ion etching of the silicon on insulator substrate) (b)
silicon nanowire sensor arrays fabricated by the top-down nanofabrication process
(inset: 50 nm width) Taken from [51]
of oxide by wet etch. As a next step, thin dry oxide is grown on top of silicon that
will be used later as a mask for patterning SiNW. In the meantime, a nano-imprint
mold is prepared on a separate Si wafer by using e-beam lithography made by using
PMMA resist and dry etching. This mold is then used to make the pattern of thin
resist on top of SiO2 of the SOI wafer followed by wet etch of silicon in Tetram-
ethylammonium hydroxide (TMAH) which produces trapezoidal shaped SiNW. The
source and drain are also ion-implanted with high dose to form ohmic contact with
the metal electrodes. The fabrication steps are shown in Figure1.8 along with the
SEM image after fabrication [64] This fabrication technique also provides high yield
(a) (b)
Figure 1.8: (a) Schematic of fabrication steps SiNW Bio-FET (b) SEM images of a
single SiNW taken from [64]
and reproducibility. The advantage of this technique is that the time of fabrication
is reduced by making the nano-imprint mold once which facilitates the lithography
process by skipping e-beam lithography on each wafer. However, this process is also
dependent on the SOI wafers and is therefore as expensive as e-beam lithography.
Similarly, spacer fabrication technique [58] for patterning SiNW also offers ad-
vantages by avoiding expensive e-beam lithography technique while maintaining the
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high yield and reproducibility. This technique also uses ion-implantation of source-
drain. However, to achieve this fabrication method, several steps are added in the
process which increases the cost and fabrication time.
1.7 Project Goal and Approach
The main goal of this project is to develop a top-down fabrication process for a SiNW
Bio-FET by using in-situ doped polysilicon to form the nanowires. The FET is to be
operated in a junction-less setup. The aim is to be able to fully deplete the nanowire
by a low externally applied potential, as is also demonstrated by other fabrication
methods. Further the goal is to be able to achieve a sensor sensitivity similar to that
achieved by nanowires made by crystalline silicon and with conventional fabrication
processes. In addition to this, the fabrication process is developed in a way to ensure
the production of the sensor with low-cost, robust, high yield and reproducibility.
The integration of a microfluidic system is also studied in this project which can
enable us to use the sensor in a POC device setup.
To achieve these goals, different generations of fabrication processes are devel-
oped and tested. To keep the process simple, standard UV lithography is used fol-
lowed by wet etch patterning of SiNW which enable batch process of several wafers
at a time. Since the polysilicon is doped already, the expensive ion-implantation step
is also omitted from the fabrication process. For microfluidic channel, polyimide has
been studied as a potential candidate that has compatibility with the microelectron-
ics fabrication process thus enabling the sensor’s integration with CMOS read-out
systems.
1.8 Organization of the thesis
This thesis is divided into nine chapters and four appendices.
The second chapter gives the theoretical background of the field effect transistor
(FET) in the beginning, followed by the SiNW Bio-FET sensors along with its
characteristics. In addition to this, the limitations of the SiNW Bio-FET sensor
are also discussed in detail. In the last part, different electrical characterization
techniques are explained that can be used to determine the main characteristics of
the SiNW Bio-FET sensor.
In the third chapter, three generations of fabrication processes that are devel-
oped during this project, by using in-situ doped polysilicon, are explained. Different
characterization techniques are also discussed that are used to determine the repro-
ducibility and yield of the process.
In the forth chapter, a detailed study on polyimide as a microfluidic channel is
done. The patterning method, optimization of etching recipes, forming a closed-
channel microfluidics along with the bond strength tests done for the durability
of the channels are explained. It is also compared to the SU-8 polymer that is
commonly used as microfluidic channel.
The fifth chapter gives the glimpse of different measurement setups that are used
for various bio-sensing experiments and electrical characterization of SiNW Bio-FET
sensor.
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In the sixth chapter, the characterization made by secondary ion mass spec-
troscopy and the electrical characterization of the devices made by all the three
generation processes are explained and discussed. The electrical measurements done
during each step of the fabrication process to ensure better reproducibility and yield
are also explained in detail.
In chapter seven, different functionalization methods used to modify the surface
of SiNW to increase the affinity towards target molecules are explained in detail,
followed by description of bio-sensing experiments, for DNA hybridization, two an-
tibody system, and NKG2D cancer biomarker detection, along with the results and
their discussions. In the last part, pH measurements made on the 3rd generation
device is discussed followed by the liquid gate measurements of the device.
In chapter eight, two other fabrication processes developed during this project
are discussed and explained in detail. The problems faced during the processes and
the reasons for discontinuing them are also explained.
In the final chapter, the conclusions drawn on the basis of this work along with
future work and prospectives are discussed.
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Theory
This chapter starts with the description of the working principle of a field effect
transistor (FET) and its important characteristics as the sensing principle of silicon
nanowire (SiNW) Bio-FET sensor is inspired by the FET devices. The theory in-
volved in SiNW Bio-FET along with the limitations in the sensitivity of the biosensor
is discussed later. Methods to extract the transfer characteristics of the Bio-FET
device are explained in the last part of the chapter.
2.1 Field Effect Transistor
A semiconductor device in which the operational current is controlled by an electric
field is called Field effect transistor (FET) [65]. It is also known as a ‘unipolar device’
which means that only one type of charge carriers is involved in the conduction pro-
cess [65, 66]. The FET device consists of three terminals i.e. source, drain and gate
whereby the operational current flows between source and drain through a channel
which is controlled by a gate potential. The FET devices are used in several config-
urations e.g. Junction Field Effect Transistor (JFET), Metal- Oxide Semiconductor
Field Effect Transistor (MOSFET), Ion Sensitive Field Effect Transistor (ISFET)
etc. Figure 2.1 shows a schematic diagram of a metal-oxide semiconductor field
effect transistor (MOSFET).
Figure 2.1: Schematic diagram of a MOSFET device
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2.1.1 FET Operation
In the FET device (shown in figure 2.1) when a positive gate voltage is applied, an
electric field is formed between the gate and the substrate with insulator in between.
Due to capacitive behavior the positive charges from the gate terminal will attract
the negative charges available at the substrate’s N-wells which leads to the formation
of the N-channel between the wells and the operational current starts flowing from
source to drain via the N-channel, which enhances the conductivity of the device.
Similarly, if a negative gate voltage is applied on the gate, the n-channel can be
closed and this will reduce the conductivity of the device.
2.1.1.1 Analogy
This concept can be well understood by keeping in mind the example of the water
valve shown in Figure 2.2. In this example the valve acts like a gate terminal which
controls the flow of water from source to drain.
Gate Electrode
Source Drain
Figure 2.2: Schematic diagram of a water valve system
2.1.2 FET Characteristics
2.1.2.1 Mobility
When an electric field is applied through the gate terminal, the holes and electrons
are forced to move in one direction. The term mobility is used to express how good
the movement of holes and electrons will be in the device [67, page 173]. Higher
mobility value means that the charge carriers will face less resistance and vice versa.
While moving, the charged particles collide with the different atoms in the crystal
which makes them scatter and lose their energy. Throughout this process, the
particle acquires an average drift velocity, νdp which can be expressed as
νdp = µpE (2.1)
where µp is the constant of proportionality and is called the hole mobility (for
positively charged particles) and E is the electric field applied [67, page 155].
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The net movement of the charges due to electric field is called drift current which
is written as
Jdrf = Qνd
Where Q is the volume charge density and νd is the total drift velocity. As both
the electrons and the holes are involved in the drift current, the total drift current
density can be written as
Jdrf = Q(νdp + νdn) (2.2)
Jdrf = Q(µpE + µnE) (2.3)
If p is the concentration of holes and n is the concentration of electrons then
Q = ep for holes and Q = en for electrons. Therefore the above equation can be
written as
Jdrf = e(µp + µn)E (2.4)
Which gives the conductivity as
σ = e(µpp+ µnn) (2.5)
2.1.2.2 Accumulation mode
The MOSFET is said to be in accumulation mode when a positive gate voltage
is applied to the gate terminal and electrons flow from source to drain in the n-
channel. Increasing the positive potential will increase the channel size and thus the
conductivity.
2.1.2.3 Depletion Mode
The depletion mode is achieved when a negative gate voltage is applied to the gate
terminal. Increasing the negative potential will decrease the channel size and also
the conductivity and will ultimately close the channel.
2.1.2.4 Threshold Voltage
If the negative bias is increased beyond depletion mode then a strong electron in-
version layer is formed. This applied voltage required to achieve the inversion point
is called threshold voltage [67, page 465].
2.1.2.5 Sub-threshold region
When the gate voltage is below the threshold voltage and the device is weakly
inverted, the corresponding source-drain current is called the subthreshold current.
2.1.2.6 Transconductance
The change in the source drain current with respect to the corresponding change
in gate voltage is known as transconductance gm of the FET device and it can be
written as
gm = ∂ID/∂VG (2.6)
Where ∂ID is the change in source drain current and ∂VG is the change in gate
voltage [67, page 498]
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2.2 Silicon Nanowire Biological-Field Effect Tran-
sistor (Bio-FET)
In silicon nanowire (SiNW) based Bio-FET device, shown in figure 2.3, the source,
drain and the channel are doped with the same type of dopants i.e. p-type in this
case. This means that the device is always turned on with the silicon nanowire
acting like a resistor with low dopant concentration whereas, the source and the
drain are highly doped to have a good ohmic contact with the metal electrodes.
Figure 2.3: Schematic diagram of a SiNW Bio-FET device with functionalization
layer and analyte immobilization
The SiNWs are patterned on top of a buried insulator to avoid any current
leakage from source, drain and nanowire into the substrate.
2.2.1 Sensing Principle
The top oxide surface of the SiNW is modified chemically to form a layer of receptors;
this process is called functionalization. When an analyte of interest is released on the
BioFET device these receptors due to their binding affinity with the target analyte
catch them which results in the change of the charge concentration on the surface
of the functionalized SiNW. The charge concentration on top of the SiNW acts like
a gate and modulates the source-drain current.
2.2.1.1 Sensitivity of SiNW Bio-FET
The sensitivity of the SiNW is written as
S =
Gafter −Gbefore
Gbefore
=
∆G
G0
(2.7)
Where G0 is the conductance of the SiNW before the immobilization of the ana-
lyte on the SiNW and ∆G is the change in the conductance after the analyte is
immobilized.
The conductance of the SiNW is mainly dependent on the source-drain current
IDS. The surface charge density of the analyte (QBIO) present on the top of SiNW
controls the charge carrier density in the SiNW (QSINW ) which means that
QBIO = QSINW (2.8)
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Theoretically the above mentioned equation should work very well, but experimen-
tally there are two main factors that influence the conductivity of the SiNW during
measurements and affect the authenticity of the results:
1. Some part of the analyte charge is screened in the electrolyte in which it
is present. This effect can be modelled using the Debye-Huckel theory, and
results in the calculation of the so-called Debye screening length.
2. There is also charge screening within nanowire due to presence of oppositely
charged carriers. This can be modelled by introducing the so-called Thomas-
Fermi screening length. Both lengths are explained in detail below.
2.2.1.2 Debye Screen Length
According to this theory, when a charged surface is immersed in an electrolytic so-
lution, it affects the charge distribution in the solution. In the case of a Bio-FET
device, most of the analyte biomolecules are found in an electrolyte solution e.g.
phosphate buffered saline (PBS). When the analyte with a certain charge is immo-
bilized on the surface of the SiNW, the ions in the electrolyte that are oppositely
charged to the analyte (also called counter ions) will be attracted to the surface of
the analyte due to electrostatic forces, which results in the false projection of the
analyte charge density on the SiNW. Similarly the charged ions in the electrolyte
that have the same charge as that of the analyte, also known as co-ions, will be
pushed away from the biomolecules. This will result in the non-uniform distribution
of counter ions near the surface of the SiNW where the biomolecules are present and
far away from the surface the charge neutrality is achieved by uniform distribution
of both the counter ions and co-ions [68, page 108]. This redistribution of the ions
in the solution lead to the formation of an Electric Double Layer, where one layer is
the surface charge of the biomolecules spread all over the surface of the top oxide of
SiNW and the second layer consists of ions distributed around biomolecules surface.
The figure 2.4 shows the distribution curve of ions perpendicular to the charged sur-
face. This ionic charge distribution can be mathematically expressed by Boltzmann
equation equation
ρx = ρ∞ exp(
−zeψx
kT
) (2.9)
Where x is the distance from the surface, ρx is the surface charge density at a
distance x and ρ∞ is the bulk concentration of the electrolyte with uniform ionic
distribution, z is the valency of the electrolyte, ψ is the electrostatic potential, k
is the Boltzmann constant and T is the temperature [69, page 231]. Similarly, the
ionic concentration of counter-ions and co-ions can be written as
ni = ni∞ exp(
−zieψ
kT
) (2.10)
Where ni∞ is the ionic number concentration at neutral state, ni is the ionic number
of the ionic species (counter ions or co-ions) [68, page 110].
To better understand the effect of the counter ions on the SiNW response, the
surface potential on top of the silicon oxide needs to be calculated. This will be
influencing the source-drain current in the SiNW. This can be done by assuming
that the surface of the SiNW is a planar one, which will enable us to treat this as
an one dimensional problem.
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Figure 2.4: Ion distribution perpendicular to the charged surface. Near the oxide
surface the counter-ions are accumulated and co-ions are depleted. The charge
neutrality is achieved in the bulk electrolye concentration, x =∞ (inspired by [69,
page 232]
Based on the above facts, the potential distribution within the electrolyte due
to electric double layer can be seen in figure 2.5 According to Poisson equation for
planar surface the potential distribution can be written as [68, page 112]
∇2ψ = −ρDL
0
(2.11)
Where ρDL is the net charge density of the electric double layer and can be written
as
ρDL = ze(n+ − n−) (2.12)
 is the dielectric constant of the solution and 0 is the permittivity of the free space.
To facilitate the solution, a symmetric electrolyte (1:1) is considered. Therefore,
by using the boundary conditions shown in the above figure we can get Poisson-
Boltzmann equation
∇2ψ = −2zen∞
0
sinh(
zeψ
kT
) (2.13)
According to the Gouy-Chapman theory the solution to this equation [68, page 114]
is
ψ = 2ln(
1 + γ exp (−kx)
1− γ exp (−kx)) (2.14)
where γ = tanh(ψs/4) and k−1 =
√
0kT
2z2e2n∞ k
−1 is called Debye Length [68, page
114] which is a measure of the thickness of the electric double layer, the Debye’s
length will be denoted by LD hereafter.
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Figure 2.5: Potential distribution over the Top oxide surface (inspired by [68, page
112])
When the surface potential is very small e.g. the electrolyte’s concentration is
very small then the term
sinh(zeψ/kT ) ≈ (zeψ/kT ) (2.15)
By using the Debye-Huckel approximation, the solution to the Poisson-Boltzmann
equation [68, page 116] [69, page 239] will give us
ψ(x) = ψ0 exp(−kx) (2.16)
To estimate how much of the analyte’s charge will be screened by the electrolyte, we
can calculate the centroid charge or the effective charge of the electric double layer
by normalizing the surface charge densities.
< x > =
∫∞
0 xρDL(x)dx∫∞
0 ρDL(x)dx
(2.17)
From Poisson’s equation mentioned before and using all the approximations
ρDL = − z
2e2
0kT
ψ0 exp(−kx) (2.18)
By putting this value in equation above we get the centroid as follows
< x > = k−1 = LD (2.19)
So we can say that there is another capacitor next to the SiNW and the distance of
the electrode is one Debye length away, as depicted in figure 2.6: The capacitance
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Figure 2.6: Simplification of electric double layer case. The electric double layer
acts like another capacitor which is one debye length away from the SiNW.
of this layer is
CDL =
0
k−1
=
0
LD
(2.20)
So, for Bio-FET the analyte charge (QBIO) will be divided into two capacitors
connected in series.
QBIO = QDL +Qoxide (2.21)
Where QDL is the charge screened by the electric double layer and Qoxideis the charge
across top oxide of SiNW.
Hence, the sensitivity of the SiNW Bio-FET is directly influenced by the Debye-
Screening Length which changes by the change of the electrolyte ionic concentration.
2.2.1.3 Thomas-Fermi Length
According to this theory, the sensitivity of SiNW is also influenced by the screening
of the charges within the semiconductor nanowire. Consider that the Bio-FET
device is made of p-doped SiNW where the holes are the majority carriers. These
holes will interact with each other by Coulomb forces, which means that they will
repel each other within the nanowire. The electrons in the vicinity of these holes
will get attracted to the positively charged particles and reduce their field effect. To
understand the interaction, we have to consider two electrostatic potentials. One of
them is due to the holes also known as external potential φext and the other is the
total potential produced by holes and the screening electrons also known as induced
potential φind [70]
φ = φext + φind (2.22)
There are several approximations to calculate the electron charge density that can
give us the total potential. One of the most precise approximations is called Thomas-
Fermi approximation which has been implemented to calculate the screening length
in SiNW by several research groups. The screening length for a p-doped SiNW is
written as
λTF =
√√√√ h¯2pi4/3
m∗e2p1/30
(2.23)
Where si is the permittivity of silicon, m∗ is the effective mass of the charge and
p0 is the charge carrier concentration [71]. For hole density of around 1018 – 1019
atoms/cm3, the screening length is around 1-2 nm which means that the analyte’s
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charge on the surface of SiNW can only gate within a surface thickness of around
1-2 nm [72].
2.3 Bio-sensing with Bio-FET
The response of the SiNW Bio-FET upon binding of the analyte can be approx-
imated if we know the type of majority charge carriers in the SiNW and the net
charge of the analyte. For example, if we have a p-type SiNW (with positive charges
being the majority carriers) then the response of the Bio-FET can be estimated as
shown in 2.7. When a negatively charged analyte is captured by the receptors over
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Figure 2.7: For a p-type SiNW (a) Negatively charged analyte increases the con-
ductivity (b) Positively charged analyte decreases the conductivity
the SiNW due to electrostatic forces, the positively charged carriers within the SiNW
will be attracted towards the surface that result in increased flow of current from
source to drain. On the contrary, when the analyte with positive charge is added on
the surface of the SiNW it repels the positive charged carriers away from the surface
of the SiNW thus resulting in the reduced current flow from source to drain.
2.4 Characterization Theory
The main characteristics of the FET devices are explained in section 2.1. In this
section, the characterization method of p-type SiNW Bio-FET is discussed in detail.
After the fabrication of the SiNW Bio-FET devices, these are characterized in terms
of their electrical properties, before application into biological assays. The electric
characterization is done by using an electrical measurement setup shown in figure
2.8.
2.4.1 Mobility
The first step is to observe the resistance of the nanowire (NW) at different gate
voltages, which will assure us that the NW can be gated by an external electrical
field. figure 2.9 below shows the change in source-drain current IDS when plotted
against drain-source voltage at different gate potentials. This shows that it is pos-
sible to model it as a resistor; then according to ohm’s law the source-drain current
IDS for this linear regime can be written as
IDS =
VDS
RSINW
(2.24)
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Figure 2.8: Schematic diagram of the electrical setup used for electrical characteri-
zation of SiNW Bio-FET
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Figure 2.9: Example of IDS vs VDS characteristic of Bio-FET device
And
RSINW =
L
σWt
(2.25)
Where σ is the conductivity of SiNW, L is the length of the SiNW, W is the width
of the SiNW and t is the thickness of the SiNW. The conductivity can be written as
σ = q(µpp+ µnn) (2.26)
Since the p-type has only holes as majority carriers and are responsible for IDS, we
can ignore the term µn n by considering that n << p. Then the conductivity of the
SiNW is the sum of doping concentration p0 and the carriers induced by the gate
voltage, p
µ = qµp(p+ p0) (2.27)
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Putting values in the equation 2.24 gives us
IDS =
Wµpq(p+ p0)t
L
VDS (2.28)
Expanding the equation makes it
IDS =
Wµpq(p+ p0)t
L
VDS (2.29)
Expanding the equation makes it
IDS =
Wµpqpt
L
VDS +
Wµpqp0t
L
VDS (2.30)
The term Wµpqp0t
L
VDS is the constant and can be replaced by K which is the source
drain current at 0 V back gate voltage
K ≡ Wµpqp0t
L
VDS (2.31)
Now the total net charge in the SiNW can be written as
qpt =
Q
WL
=
Cox
WL
VG = C
∗
oxVG (2.32)
Where Cox is the capacitance of the buried oxide and C∗ox is the capacitance per unit
area. This makes the equation as
Ids =
WµpC
∗
ox
L
VGVDS +K (2.33)
And
C∗ox =
ox
tox
(2.34)
Where oxis the permittivity of the oxide and tox is the thickness of the oxide
Since mobility is the measure of how well the holes can move in the SiNW, to get
this parameter we have to see the change in source drain current by sweeping the
back gate potential. The figure 2.10 shows the behavior of the p-type SiNW by
sweeping back gate potential. The slope of this curve can then be expressed as
α =
Ids
VG
(2.35)
By putting the values makes the above equation as
α =
WµpC
∗
ox
L
VDS (2.36)
Replacing C∗ox with
ox
tox
and isolating µp makes the equation as
µp =
Ltox
WoxVDS
α (2.37)
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Figure 2.10: The example of source-drain current decrease with the increase in the
back gate voltage
2.4.2 Estimation of dopant concentration
The dopant concentration in the SiNW can be estimated by two methods. One is
by using Secondary Ion Mass Spectroscopy (SIMS) technique in which high energy
ions are bombarded over the silicon surface to extract and count the dopants, and
the other is by electrical measurements. By using the equation
p0 =
KL
WµpqtVDS
(2.38)
Different modes of operation in the Bio-FET can be understood well by looking at
the Source-Drain Current (IDS) vs back gate voltage curve as shown in figure 2.11.
2.5 Conclusion
Since the aim of the project is to use in-situ doped polysilicon in a junctionless setup,
to ensure sensitivity of the SiNW, the role of Debye-screening length and Thomas
fermi screening length are considered while developing the fabrication process.
The Debye screening length is dependent on the ionic concentration of the elec-
trolyte in which the biomolecules are present. The lower concentration of ions in the
solution makes the Debye screening length higher which results in the increase of
detection signal in the sensor caused by the binding of the biomolecules to the oxide
surface of SiNW. However, biomolecules are usually present in higher ionic concen-
tration solution, e.g DNA is present in 100 mMol saline solution which results in
quite short debye screening length. It is possible to have biomolecules present in
diluted buffer solutions, but even so the Debye length is still short, usually not more
than 10 nm.
To compensate the effect of short debye screening length, low oxide thickness
in the fabrication process is used in this project so that small signals coming from
the binding event of biomolecules can be translated into significant change in the
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Figure 2.11: An example of different modes of Bio-FET when back gate is swept
from negative potential to positive
source-drain current of the SiNW sensor. The dielectric properties of the oxide have
been tested by applying liquid gate potential to check any leakages of current from
SiNW in to the liquid.
Thomas-Fermi screening length depends on the concentration of the dopants
in the SiNW. The low concentration of the dopants gives the high Thomas-fermi
screening length which increases the influence of the external charge in the SiNW
current flow. This influence can be further enhanced by reducing the dimensions of
the SiNW. In the fabrication process development of the in-situ doped polysilicon
SiNW the dopant concentration in the SiNW is kept to a low level to ensure the high
change in the signal of the SiNW upon binding of the biomolecules to its surface.
However, the doping concentration cannot get arbitrarily low, since we also have to
ensure a good contact between SiNW and the metal leads. At the same time the
dimensions of the SiNW are kept to low level by reducing the thickness and width
of the SiNW.
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Chapter 3
Fabrication of Devices
This chapter is focused on the novel top-down fabrication technique in which in-
situ doped polysilicon is used as the nanowire material. Three processes have been
developed during the course of the project; whereby the major difference between
those is the patterning method of the silicon nanowire, the metallization technique,
and the passivation of the metal electrodes. These processes are termed as 1st
generation, 2nd generation and 3rd generation process hereafter.
3.1 Requirements of the device
To develop a process for a FET device, the first step is to list down the requirements
of the device for better and accurate sensing. Keeping in view the schematic of the
device in figure 3.1, the following are the most important material parameters that
need to be considered beforehand:
Figure 3.1: Schematic diagram of Bio-FET device with all the required materials
3.1.1 Substrate Selection
Bulk silicon single sided polished wafer, with a resistivity of around Ω-cm, is the
most commonly used substrate for FET devices. Its ability to withstand different
process conditions like high temperature, reactive chemicals and plasma processes
without getting affected makes it suitable for various applications. In this project,
24
Novel Diagnostic Methods
the substrate used in all the generation processes is double side polished <100> p-
type silicon with resistivity of around 1-20 Ω-cm and thickness around 350 µm.The
main reason to choose less thickness of wafer is to fulfill the requirement of ZIF (Zero
Insertion Force) socket which involves the thickness of device to be around 350 µm
and to avoid the thinning of the wafer by dry or wet etching process.
3.1.2 Buried Insulator
An insulator is used in the FET device to restrict the current flow within the SiNW
and to avoid any leakage of the current into the substrate that may affect the signal.
The most common insulator used in FET devices is silicon dioxide (SiO2), which
is normally grown on top of the substrate by a dry or a wet oxidation process at
temperatures higher than 1000℃ . This is due to its dielectric properties and its
stability at high temperature conditions. The other insulator used in FET devices is
stoichiometric silicon nitride (Si3N4) which is found to be unstable at high temper-
atures and exhibits current leakage at high back gate voltages (explained in chapter
6). When the two materials are used together, their combined isolating properties
are much better than having any of them alone (explained in chapter 6) [61, 73].
In this project, the first generation process is developed by using SiO2 as the
insulator, the second generation by using only Si3N4 as the insulator and the third
generation process is developed by stacking SiO2 and Si3N4. The electrical charac-
terization of all the buried insulators is done by applying a back gate potential to
check if there is any leakage through the materials after the devices are fabricated.
3.1.3 Silicon Nanowire
The most important component for the Bio-FET device is the SiNW. It’s perfor-
mance as a sensor greatly depends on the material used to make the SiNW. Most
of the available studies have been done by using single crystal silicon as the SiNW
material [64, 47, 49, 48] and in particular by using the single crystal silicon found on
a Silicon-On-Insulator (SOI) wafer. Due to the high cost of SOI wafers, polysilicon
has also been studied in the Bio-FET setup as a low cost alternative and has demon-
strated promising results [73, 58, 74].In this project a novel material, in-situ doped
polysilicon, with boron as the dopant in a junction-less setup has been studied as a
robust, low cost alternative to the aforementioned materials. Furthermore, different
thicknesses of this material were tested to determine the optimal detection limits.
3.1.4 Source-Drain Doping
To enable the flow of current from source to drain when applying a potential across
the SiNW, metal contacts are made on top of the polysilicon source and drain
to avoid problems mentioned in chapter 8. To avoid Schottky-barriers between
metal-silicon contacts, the source and drain are usually highly doped e.g. by an ion-
implantation method [61, 64, 47, 58, 74, 75, 51, 55] [56, 76, 77, 60] or, alternatively,
SOI wafers with resistivity of device layer around 10-40 Ω-cm are used [49, 48].
In this project, we investigate the use of in-situ boron doped polysilicon with
the lowest possible dopant concentration that can avoid Schottkey-barrier between
metal-silicon contacts and as well as provide optimum sensitivity in the fabricated
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SiNWs biosensors. Three different recipes were made in the furnace with varying
diborane (B2H6) gas flow i.e. 3 sccm, 5 sccm and 7 sccm respectively while keeping
the silane (SiH4) gas flow to a constant number that are used for deposition of
in-situ doped polysilicon. The SiNWs were fabricated by these recipes using first
generation process explained in section 3.3 and were tested by applying Alternative
Current (AC) by using the measurement setup explained in section 5.1. For the first
two recipes with B2H6 gas flow of 3 and 5 sccm, the Schottkey-barrier was observed
between metal-silicon, where a phase shift of more than 30 degrees was observed in
the AC measurements. No phase shift was observed in the last recipe with B2H6
flow of 7 sccm.
This recipe is investigated as a next step by making Secondary Ion Mass Spec-
troscopy (SIMS) measurements on the polysilicon samples for the estimation of
boron dopant concentration. The dopant concentration was found to be around
3× 1018 – 5× 1018 atoms/cm3 that can provide both a reliable metal-silicon contact
and an acceptable FET behavior. The metal-silicon contact is further improved by
an annealing step after metal deposition.
3.1.5 Patterning of Silicon Nanowire
Several techniques have been adopted to pattern SiNW that have their lateral dimen-
sion in nanometers. These techniques can broadly be categorized into dry etching
and wet etching i.e. a plasma based etch process for dry etching and liquid phase
etching for wet etch. Most of them rely on expensive techniques, like use of e-beam
lithography or Nano imprinting in order to create the SiNW pattern on a mask ma-
terial, usually SiO2. In few cases optical lithography is used for low cost production.
The patterned mask structure is then used for wet etch in tetra-methyl-ammonium-
hydroxide (TMAH) to pattern SiNW [64, 47, 48, 56, 76, 77, 78]. In some cases, dry
etching is also used to pattern the SiNW [49, 58, 60].
In this project, the 1st generation process was developed by using dry etching
to pattern SiNW, whereas a wet etching method was adopted in the 2nd and 3rd
generation process.
3.1.6 Metallization of Source-Drain
To interface the SiNW with the electrical read out systems, metallization of the
source and the drain is required. As discussed above, the important factor is the
barrier height between metal and silicon. In this project, the metal chosen for the
device is gold (Au) not only due to its resistivity against oxidation and corrosion
but also due to the fact that its barrier height is around 0.87 eV for a p-type silicon,
which can give a better contact if the doping concentration in silicon is around
1×1018 [79, 80]. However, adhesion of Au to silicon (Si) is not good and to improve
the adhesion Chromium (Cr) is used as an adhesion layer for the first generation
process and a Titanium-Tungsten (TiW) alloy is used as an adhesion and metal
diffusion barrier layer for the 3rd generation process.
Since annealing of the contacts in a forming gas like N2 at around 300℃-550℃
improves the contact, in this project the contacts are annealed at 300℃ in 1st
generation whereas 350℃ for 1 hour in 2nd and 3rd generation.
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3.1.7 Passivation
Since the SiNW will be used for biological sample detection and it will be exposed
to liquid, the passivation of the electrical contacts is deemed necessary to avoid any
short circuits, noise and damage to the device. For this purpose, materials with
high dielectric strength and low temperature deposition are needed. The most com-
monly used dielectric materials are Plasma Enhanced Chemical Vapor Deposition
(PECVD) Si3N4 [60, 81, 45, 63] or a stack of PECVD SiO2 and Si3N4 [64, 47, 55].
Use of polymers like SU8, epoxy, parylene and PDMS as the passivation layer [49,
48, 51, 56, 60] that also acts like a microfluidic channel on top of SiNW, has also
been demonstrated.
In this project two polymer materials have been tested, i.e. SU8 and Polyimide.
Sputtered Si3N4 has also been tested as a passivation layer. Due to the large amount
of Au on the wafer surface, around 15%, it was not possible to use the customary
PECVD Si3N4, due to cleanroom restrictions.
3.2 Design of the sensor
As four inch wafers are to be used in the fabrication process, the chip containing the
FET sensors have been assigned the dimensions of 15.2cm × 5.5cm , which makes
us able to fit around 54 chips on one wafer. The shape of the chips is such that they
fit in a ten pin Zero-Insertion-Force (ZIF) socket that provides a better interface
connection of the chip to the electrical read-out system. This can be a computer
with a LabVIEW measurement program or a CMOS based read-out system (these
systems are discussed in chapter 5). To interface the chip with the ZIF socket, the
ten contact pads are designed so that eight of them are assigned to the source and
drain of four nanowires while two contact pads are left for the side gates that can be
used to gate the SiNW. This design was made in the NaBIS research group by former
master student Michael Jørgensen. The purpose of the side gate was to control the
current flow in the SiNW by applying potential from the side as well. The side gate
electrodes were later removed in this project during characterization of SiNW as is
discussed in details in chapter 6. Figure 3.2 below shows an L-edit image of one of
the sensors in the wafer.
15.2 cm
5.
5 
cm
Figure 3.2: An Image from the L-edit design of the sensor showing all the three
layers of the sensor
The whole wafer is divided into four types of chips which are different from each
other in terms of dimensions of the SiNW. These types along with their dimensions
are shown in table 3.1
The main reason to choose 2µm width was to remain in the limitations of optical
lithography technique to pattern SiNW. Though it is possible to go down in the
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Dimensions Chip Type 1 Chip Type 2 Chip Type 3 Chip type 4
Length×Width (µm) 70× 2 120× 2 70× 5 120× 5
Table 3.1: Types of chips in the wafer level design
width by using photoresist with less thickness or by using deep UV lithography, but
the aim for this project was to use standardized techniques that do not require any
specialized mask design (as required for deep UV lithography), or more expensive
mask production. The minimum linewidth at Danchip cleanroom using standard UV
lithography and the conventional mask production is 1.7µm . The 5µm width was
decided to check if the change in the width of the SiNW also affects the sensitivity of
the SiNW. The 70µm length was chosen to do the sensing in the flow of cells which
are several microns in size. The 120µm length was decided to check the influence
of length on the behavior of the SiNW sensitivity. These considerations were made
during the Master project by Michael Jørgensen.
Other than the four SiNW wires that have source and drain connected to the
bonding pads, four SiNW are also included in the chip for fluorescence detection
experiments. Each chip in the wafer has a unique name which is based on the
location of the chip in the wafer. The whole wafer is divided into four big columns,
which are named as B, C, D and E, and two small columns, namely 0 and F, as
they are located into two extreme positions of the wafer and cannot contain many
chips. Another label that can be found on the chip is the dimensions of the SiNW
when it is not connected with the source and drain. Figure 3.3 shows a zoomed-in
image with all the components of the sensor.
Figure 3.3: Components of the sensor (zoomed in image showing source, drain,
SiNW, microfluidic channel, side gate and length and width of the SiNW for flores-
cence detection)
The sensor contains three mask layers: the SiNW, the metal electrodes and the
microfluidic channel/ passivation layer.
3.3 First Generation Fabrication Process
In this section, the fabrication steps for the first generation process are explained in
detail.
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3.3.1 Buried Insulator
A p-type <100> double side polished bulk silicon wafer of thickness around 350µm
with resistivity of around 1-20 Ω-cm is used as the substrate for the SiNW Bio-FET.
As a first step, the dry oxidation is performed at 1100℃ to get 170 nm of SiO2 as
a buried layer. Figure 3.4 shows the schematic of device after step 1.
Cross-Section Top Extruded
Figure 3.4: Schematic view after the first step of the process
3.3.2 In-situ Doped Polysilicon Deposition
The wafer is then transported to the Low Pressure Chemical Deposition (LPCVD)
furnace for deposition of 50 nm of polysilicon at around 620℃. The gas flows of
diborane (B2H6) and silane (SiH4) are adjusted in the ratio so that the boron
dopant concentration should be around 3×1018 – 5×1018 atoms/cm3. The detailed
recipe used with all the parameters can be found in the appendix. Since both the
furnaces i.e. oxidation and polysilicon, deposit oxide and polysilicon on both sides,
these layers can be removed from the bottom of the wafer by a wet etch process,
first in a mixture of nitric Acid (HNO3), buffered Hydro fluoric acid (BHF) and
water (H2O) at a ratio of 20 : 1 : 20 for polysilicon etch, and then in BHF alone to
remove (SiO2). The front side of the wafer is protected by applying the nitro tape,
also known as blue tape. Figure 3.5 below shows the schematic of device after step
2.
Cross-Section Top Extruded
Figure 3.5: Schematic view after the 2nd step of the process
3.3.3 Patterning of Silicon Nanowire
As a third step, the patterning of the SiNW is done by first spinning a photoresist
layer and then doing optical lithography followed by reactive ion etching (RIE) in the
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presence of sulfur hexaflouride (SF6) and Oxygen (O2) for approximately 25 seconds
by using the end point detection system in the machine to avoid any damage to the
buried oxide [82, 83, 84]. The detailed recipe is available in the appendix. The
photoresist is removed afterwards. Figure 3.6 shows the schematic of the device
after step 3.
Cross-Section Top Extruded
Figure 3.6: Schematic view after the 3rd step of the process
3.3.4 Metallization of Source and Drain
After the patterning of SiNW, electrodes are formed over the source and drain by
optical lithography and a lift-off process. 20 nm chromium (Cr) and 100 nm gold
(Au) are deposited by e-beam evaporation. The pattern of electrodes is achieved
by ultra-sonication in acetone bath for 10 minutes. Figure 3.7 shows the schematic
after this process step.
Cross-Section Top Extruded
Figure 3.7: Schematic view after the 4th step of the process
3.3.5 Passivation
The electrodes need to be passivated afterwards. In this generation of the process,
initial batches were produced using SU-8 polymer, but due to problems in bio sensing
discussed in chapter 7 it was replaced by polyimide which is used as passivation layer
due to its better dielectric properties [85, 86] and ability to be used as microfluidic
channel that will help in better execution of bio sensing experiments. The curing
conditions of polyimide are 350℃ for 1 hour which also anneals the electrodes for
better ohmic contact. A detailed fabrication process for the formation of polyimide
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Cross-Section Top Extruded
Figure 3.8: Schematic view after the 5th step of the process
microfluidic channels on top of SiNW is explained in chapter 4. Figure 3.8 below
shows the schematic after the fifth process step.
After the fabrication process, the chips are diced and tested in the electrical
measurement setup. The details of the electrical characterization are discussed in
Chapter 6. Images of the finished chips are shown in figure 3.9.
Figure 3.9: (a) Close-up image of a chip after fabrication with PI microfluidic channel
(b) Image of a full wafer after fabrication with SU-8 microfluidic channel
3.4 Second Generation Fabrication Process
Based on the bio sensing results explained in chapter 7 and the electrical character-
ization results of the first generation process explained in chapter 6, improvements
were made in the fabrication process that led to the development of the second
generation process. The main changes in the process are listed below:
• Change in the grain size of the polysilicon after deposition by an annealing
step in order to improve the conductivity of the SiNW.
• Reduction in the thickness and width of the SiNW in order to have smaller
and fewer grain boundaries, which will help in achieving depletion mode at
smaller back gate potentials.
• Reduction in the thickness of the buried insulator in order to achieve a stronger
influence of the electric field on the IDS of the SiNW.
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• Replace the SiO2 layer with Si3N4 to only functionalize the top oxide of SiNW
and not the whole buried insulator, since the functionalization protocol using
silanization method (explained in chapter 7) will attach the biomarkers to
SiO2.
• Reduction in the width of the SiNW while keeping the same masks (widths of
2 and 5µm) by replacing the dry etch with a wet etch method for patterning
SiNW. In this way, the effect of plasma etching on the insulator’s dielectric
strength will also be nullified.
The process steps that are changed from the 1st generation process are explained
below.
3.4.1 Replacement of Buried Insulator
As a first step, the 170 nm thick buried oxide was replaced by 54 nm thick stoichio-
metric Si3N4 grown by an LPCVD process at around and to reduce the thickness of
the buried insulator, a stack of 30 nm dry oxide is grown at around 800℃ and the
dielectric strength of the layer was measured using the setup explained in chapter
5. The dielectric strength of the Si3N4 was found to be in the same range as that
of SiO2 i.e. 1 V/nm.
3.4.2 Polysilicon Deposition
The thickness of the polysilicon was reduced from 50 nm to 30 nm as a second step
by reducing the deposition time from 5 minutes 45 seconds to 3 minutes 30 seconds.
3.4.3 Annealing
Thirdly, to change the grain size of the polysilicon aiming to improve the conduc-
tivity of the SiNW, wafers were annealed at 900℃ for 30 mins soon after polysilicon
deposition. An average grain size was measured to be around 25 nm by using Scan-
ning Electron Microscopy (SEM). Figure 3.10 shows the SEM image of an edge
of SiNW with the measurements made for the grain size of the polysilicon after
patterning the SiNW.
Figure 3.10: SEM Image of the grain size of 30 nm thick polysilicon after patterning
of SiNW
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3.4.4 Patterning of SiNW
To reduce the width of the SiNW while keeping the same mask specification, the
wet etching method is adopted to pattern them. As a first step, low stress PECVD
Si3N4 of around 220 nm thickness is deposited on top of polysilicon followed by
patterning of the nitride by dry etching in the mixture of Octa-fluoro-cyclo-butane
(C4F8) and Helium (He) gas. Before removing the photoresist mask, the width of
the nitride layer is reduced to around 800 nm by dipping the wafer in BHF with
wetting agent (also known as IMEC clean) for 5 minutes. This mask is then used
for potassium hydroxide (KOH) etching at 25℃ to pattern polysilicon. Figure 3.11
shows the schematic diagram of the fabrication steps for 2nd generation process.
Figure 3.11: Schematic of all the steps involved in patterning of SiNW by wet etching
in 2nd generation process
By the under etching method, SiNW with dimensions down to approximately
300 nm width are achieved. Figure 3.12 shows a SEM image of the SiNW after
patterning. It can be seen that the rough edges of the SiNW are due to variable
etching rate across different grains of polysilicon.
3.4.5 Passivation
At the same time, during the electrical measurements it was found that in some
contacts there was a cross-connection which could be due to bad passivation of PI.
By following the supplier’s manual it was found that annealing at 350℃ improves
the passivation properties of PI.
3.5 Third Generation Fabrication Process
The sensing results of NKG2D cancer biomarker discussed in chapter 7 didn’t show
significant change in the signal of SiNW upon binding of analyte to it. Moreover,
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Figure 3.12: SEM Image of the 280 nm wide SiNW annealed at 900℃ for 30 mins
after wet etching
electrical characterization of the 2nd generation process showed that the full deple-
tion of the SiNW was still not achieved even by going high in back gate voltage
of up to 15 V. It was not possible to go further high as the leakage current from
the substrate would start to pass through the buried nitride layer and dominate
the signals acquired through the SiNW. The high leakage current at such a low
potential was found to be due to the fact that at high temperatures the difference
in the thermal expansion of bulk silicon substrate and Si3N4 results in the disloca-
tions of the grains at Si/Si3N4 interface layer which results in crack initiation and
results in weak insulation properties of the nitride layer [87]. In addition to that,
the passivation properties of PI were not good by curing it at 300℃ for 1 hour.
To overcome the problems mentioned above and to improve the device perfor-
mance, following steps were taken in the 3rd generation process.
3.5.1 Oxidation and Annealing
After polysilicon deposition dry oxidation for 1 min at 1100℃ followed by annealing
for 20 min at 1100℃ should change the grain size and improve the conductivity of
the SiNW. This hypothesis was inspired by the findings of [88, 89, 90]
After this process the thickness of the SiNW is reduced down to 20 nm. Figure
3.13 shows the SEM images taken after patterning of the SiNW, which shows less
roughness at the edges of the SiNW possibly due to bigger grain size in polysilicon.
Figure 3.13: SEM Image of the 370 nm wide SiNW oxidized for 1 min and annealed
for 30 mins at 1100℃(a) Image with source-drain and SiNW (b) zoomed in image
of the SiNW
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3.5.2 Addition of Dry oxide in buried insulator
To reduce the effect of the dislocation, 30 nm thick dry oxide grown at 1100℃ was
added between the bulk silicon and the Si3N4 layer, which resulted in the good
insulation properties of the combined insulators (explained in chapter 6)
3.5.3 Metallization Replacement
It was also observed that during fabrication, when the wafer is annealed at 350℃ for
curing PI to improve passivation, some of the devices stopped working due to loss
of source-drain connection. The reason was found to be that Au diffuses through
Cr at high temperatures [91, 92] and forms silicide with very thin polysilicon, which
causes discontinuity in the source-drain connection in some of the devices in the
whole wafer. The metallization layers for the electrodes were then replaced by 200
nm magnetron sputtered TiW followed by e-beam deposition of 150 nm Au. Radio
frequency (RF) cleaning is also done for half an hour before sputtering TiW for
better adhesion and improved contact. The TiW not only acts like an adhesion
layer but also as a diffusion barrier layer for Au to make eutectic contact with thin
polysilicon when it is annealed at high temperature for improving contact resistance.
3.5.4 Passivation of Electrodes
To improve the passivation of PI it was cured at 350℃ for 1 hr. After applying the
changes in the metallization step of fabrication process and reducing the thickness
of the SiNW it was found that the SiNWs had lost the electrical connection from
source-drain, during the the electrical characterization experiments. To troubleshoot
this, two probe measurements were made after each fabrication step. It was found
that the SiNW break down happens when the PI microfluidic channels are formed
over the SiNWs. This problem was only found on the SiNWs that were oxidized and
annealed. The reason for this breakage was later found to be that the SiNWs got
so thin and delicate that they could not bear the stresses that arise from the curing
process of PI. This problem was solved when PI was replaced by sputtered Si3N4
as the passivation layer which is patterned through a lift-off process. The process
parameters used for sputtered Si3N4 are attached in the appendix.
3.5.5 Results
Figure 3.14 shows the images after fabrication of SiNW by 3rd generation process.
The electrical characterization of the devices fabricated by using 3rd generation
process shows significant improvement in the performance of the SiNW. To check
the variation in width of the SiNW over the whole wafer after wet etch process,
width measurements were done on the chips at the edges and center of the wafer.
Figure 3.15 shows the range of the achieved SiNW widths across the wafer.
It is observed that the SiNW in the center of the wafer were etched slow compared
to the SiNW on the edges. It can relate to the non-uniformity in the plasma etching
of the Si3N4 mask followed by wet etch in BHF. The other possible reason could be
the temperature gradient inside the KOH wet etch bath which etches the SiNW at
the edges faster compared to the SiNW at the center.
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Figure 3.14: Images after fabrication by 3rd generation process (a) Wafer before
dicing (b) SiNW with side gate and sputtered Si3N4 passivation observed under
optical microscope
Figure 3.15: Histogram of the width measurements of SiNW made on all chips with
2µm width in mask
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Chapter 4
Fabrication of Microfluidic Channel
In this chapter, a novel fabrication technique for developing microfluidic channels
on biosensor devices by using polyimide (PI) as fabrication material is explained in
detail. The first section sheds light over the advantages of using PI as fabrication
material for biosensors over other commonly used polymers. Thereafter, the fabri-
cation process of making microfluidic channel in PI is elaborated in detail by using
two different masking materials for patterning it by a dry etch process. It is then
compared to the most commonly used epoxy polymer SU-8 in terms of simplified
and robust fabrication process with better uniformity on wafer level.
Closed-Channel microfluidics is also demonstrated in this chapter by wafer level
bonding of partially cured (not fully imidized) PI to PI and to glass followed by
dicing of devices and bond strength tests. The first test is done by hydrodynamic
focusing of red fluid with blue fluid in a microfluidic channel formed by bonding
PI to PI. Pressure drop measurements are also done as a second test to check the
deformation of the microfluidic channel at high pressures.
Lastly, laser micromachining and milling techniques, used to make the holes in
the glass wafer to form inlets and outlets for fluid flow in the microfluidic channels,
are discussed.
4.1 Advantages of polyimide
The invention of inkjet printers was one of the first demonstrations of microfluidic
based devices that was commercialized for mass production. Since then microflu-
idic systems have made their way into medical diagnostic devices, chemistry and
biotechnology. The main advantage of microfluidic systems is the low volume of
fluid that can be used for analysis of different systems, which has led to the concept
of lab-on-a-chip and µTAS (Micro Total Analysis Systems)[93] but as the system
goes down to micrometer scale, the fluid pressure gets higher and requires strong
material that can sustain such pressure levels. The most commonly used polymers
for microfluidics systems accomplishing this requirement are Poly-di-methyl-siloxane
(PDMS), Poly-methyl meth-acrylate (PMMA) and SU-8.
Recent development in the medical diagnostics field, especially Point-Of-Care
(POC) devices, has increased the demand of multifunctional materials that can be
used to fabricate complex systems with diverse functions, compact size and inte-
gration of microelectronics read-out systems. The above mentioned materials for
microfluidics systems have limitations in their physicochemical properties and can-
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not fulfill all the requirements of the modern POC devices [86]. For example PDMS
and PMMA are not stable against many chemicals that are used in microelectron-
ics device fabrication processes [94, 95] which imposes constraints in integrating
microfluidics with microelectronics systems. Similarly SU-8 epoxy resin, with a
complex fabrication process, is very sensitive to the processing conditions and re-
quires a lot of parameters optimization like soft baking, UV exposure, post exposure,
development and final baking step. If the conditions are slightly changed during the
processing, they can cause cracks, delamination or bad resolution of the channels
[96].
PI has recently emerged as a strong candidate for building the microfluidic sys-
tems [93, 97, 98, 99, 100] due to its high resistance against many harsh chemicals,
stability at high temperatures, high dielectric strength, and biocompatibility along
with the simple fabrication process. In this project, material properties of non-
photosensitive PI are explored and PI is implemented as a passivation layer and
microfluidic channel on a SiNW Bio-FET device. The main strength of choosing PI
for the Bio-FET device is its proven resistance against all the organic solvents as
well as very low etch rates in strong acids like BHF that are used in the fabrication
process of SiNW [101]. Moreover, a glass transition temperature of around 325℃
and dielectric constant of around 3.4 (at 1kHz and room temperature) [85] makes it
a strong contender to be used as passivation layer for SiNW Bio-FET sensor.
4.2 Fabrication Process of Microfluidic Channels
PI-2574, supplied by HD MicrosystemsTM , is selected for the fabrication process
due to its self-priming ability that will enable us to achieve various thicknesses for
the microfluidic channel by multi-coating. The fabrication process is developed and
optimized by using a quartz substrate as a first step and then it is used to fabricate
microfluidic channels on SiNW Bio-FET devices. Two fabrication techniques are
developed, one by using PECVD Si3N4 as a masking material to pattern PI by dry
etching and the other by using Al mask. Both the techniques are explained below.
4.2.1 Fabrication using PECVD Si3N4 mask
This fabrication process consists of six major steps:
• Spin coating of 10µm PI over 4 inch quartz wafer at 2400 rpm for 30 seconds
with 100 rpm/s ramp rate. Soft baking is done for 5 minutes at 120℃ followed
by partial curing for 1 hour at 300℃.
• Deposition of 120 nm of PECVD Si3N4 mask at 300℃ (the detailed recipe
can be found in Appendix )
• Spin coating and patterning 1.5µm photoresist by photolithography
• Dry etching of PECVD Si3N4 and removing photoresist in acetone
• Dry etching of PI
• Removing Si3N4 mask by wet etching in BHF
A schematic diagram of the fabrication process is shown in figure 4.1.
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Figure 4.1: Schematic diagram of step by step fabrication process of microfluidic
channel using PECVD Si3N4 mask
4.2.2 Fabrication using Al mask
The fabrication steps for this process are as follows:
• Spin coating of PI with the same parameters as for Si3N4 mask. For thick-
nesses > 10µm, the coating and soft baking steps are repeated and the final
baking is done at 250℃ for 1 hr to partially cure the PI.
• Spin coating and patterning of photoresist by photolithography followed by
3 minutes descumming in plasma asher to improve the adhesion of Al on PI
surface
• Deposition of 100 nm of Al by e-beam evaporation
• Lift-off of Al in acetone with ultrasonic to get the pattern of Al mask
• Dry etching of PI
• Removing Al mask in MF-322 developer solution
The schematic diagram in figure 4.2 shows all the fabrication steps
Figure 4.2: Schematic diagram of step by step fabrication process of microfluidic
channel using Al mask
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4.3 Optimization of parameters for dry etching of
PI
Two etching systems, the Reactive Ion Etcher (RIE) and the Inductively Coupled
Plasma (ICP) etcher, which are based on parallel plate reactor and inductively
coupled barrel respectively [102], are used to develop and optimize the etching recipe
for PI. The starting parameters were taken from the previous work done in [98, 100,
102]. For Si3N4 mask the dry etch of PI is done in the presence of O2 and Ar
mixture whereas for Al mask O2 and CF4/SF6 mixture is used to etch PI. The main
reason to avoid fluorine based gases for Si3N4 mask is that they attack the mask
and cannot be used for long (> 5 min) etching times.
In plasma etch systems, the etching rate and profile is mainly controlled by
pressure, power applied for plasma generation and ratio of gas flows in the chamber
since they control the number of reactive ions and their bombardment energy that
are responsible for etching the target layer [102]. Keeping in mind the goal of
reaching high etch rates, the optimization of the above mentioned parameters in
both RIE and ICP systems are explained below:
4.3.1 Parameters with Si3N4 mask
For Si3N4 mask, the highest etch rate in RIE was achieved by using the mixture of
98% O2 and 2% Ar, 200 mTorr as pressure and 100 W applied power while for ICP
the highest etch rate was achieved by using 98% O2 and 2% Ar mixture, 80 m Torr
as pressure and 150 W applied power. The etch rate increases by changing power
applied for both systems and depicted in figure 4.3.
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Figure 4.3: Etch rate of partially cured PI as a function of power applied in the
chamber with Si3N4 mask (a) In RIE the pressure is 200 mTorr and the ratio of
O2/Ar is 98/2 (b) In ICP the pressure is 80 mTorr, the ratio of O2/Ar is 98/2 and
coil power is 2000 W
After etching, grass-like residues were observed at the bottom of the microfluidic
channel and after investigation, it was found to be due to the presence of the silane
based primer that is mixed in the PI, which does not get etched and settles down at
the bottom. To remove these residues, the last 1µm of the microfluidic channel was
etched in O2 and CF4 mixture in the ratio 80/20. The figure 4.4 shows the SEM
images of grass-like residues and the residue free surface after this treatment.
The etch rate could not be raised further because higher power results in the
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Figure 4.4: SEM images after etching of partially cured PI using Si3N4 mask in RIE
(a) Residues are visible if CF4 is not used at all for etching PI (b) No residues are
visible if the last 1µm of PI is etched with mixture of O2 and CF4
over-heating of the substrate and causes the residues to burn, which makes them
difficult to remove later.
4.3.2 Parameters with Al mask
Fluorine based gas was included as a next step in the optimization of the etching
recipe to get a residue free surface and the Si3N4 mask was replaced by Al mask to
get the microfluidic channel’s height to be bigger than 10µm.
In ICP, a O2/SF6 gas mixture (80:20) was used to etch PI and in RIE the gas
mixture was O2/CF4 in a ratio of 94:6. The etch rate was first characterized by
changing the applied power in both the systems while keeping the other parame-
ters constant. Figure 4.5 shows the etch rate increase by increasing power in both
systems.
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Figure 4.5: Etch rate of partially cured PI as function of power using Al mask (a)
The pressure in the chamber is 200 mTorr and the ratio of O2/CF4 is 94/6 in RIE
(b) The pressure in the chamber is 50 mTorr and the ratio of O2/SF6 is 80/20 with
coil power of 2000 W in ICP
As a second characterization step, the pressure in the chamber was changed while
the power and gas flow ratio were kept constant. In RIE the power applied was set
to 20 W and the ratio of O2/CFO4 was 85/15 whereas, in ICP the power applied
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was 200 W, the ratio of O2/SF6 was 80/20 and the coil power was 2000 W. Figure
4.6 shows the etch rate characterization on both the systems.
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Figure 4.6: Etch rate of partially cured PI as a function of pressure in the chamber
(a) The power applied is 20 W and the ratio of O2/CF4 is 85/15 in RIE (b) The
power applied is 200 W, ratio of O2/SF6 is 80/20 and coil power is 2000 W in ICP
The third characterization step is to observe the change in the etch rate by
changing the total gas flow (but keeping a constant ratio) in the chamber while
other factors are kept constant. This has been done to characterize both systems
i.e. RIE and ICP. In RIE the total gas flow (O2+CF4) was increased from 100 to
116 sccm and in ICP (O2+SF6) from 100 to 124 sccm. No significant change in the
etch rate of PI was found in response to changes in total gas flow as shown in table
4.1.
Etching
System
Platen
Power
(W)
Pressure
(mTorr)
Total
Gas flow
(sccm)
Coil
Power
(W)
Etch
Rate(µm/min)
ICP 200 80 124 2000 0.57
ICP 200 80 100 2000 0.52
Etching
System
Platen
Power
(W)
Pressure
(mTorr)
Total
Gas flow
(sccm)
Etch
Rate(µm/min)
RIE 20 200 100 0.2
RIE 20 200 116 0.2
Table 4.1: The etch rate of PI in ICP and RIE with different gas flows
4.4 Best system for etching PI
The results of this step-wise optimization approach show that high power and high
pressure can result in higher etch rates but at the same time it was observed that
excessive heating of the quartz wafer occurs due to high ion bombardment on the
surface of the substrate that causes the burnt residues in the bottom of the channel.
To keep the heating of the substrate to a low level and still achieve a high etch
rate the RIE system was preferred over the ICP system and was thereafter used as
etching system for patterning microfluidic channels.
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The best parameters chosen for etching partially cured PI were gas mixture of
O2 and CF4 in a ratio 94:6, power of 100 W and pressure of 200 mTorr with achieved
etch rate of 1.3 µm/min. These parameters were also tested on fully cured PI which
was cured at 350℃ for 1 hr. It was found that the etch rate of fully cured PI is less
than partially cured PI. Table 4.2 shows a summary of the optimized parameters
for both fully and partially cured PI.
Pressure Power Gas Flow Etch Rate
(mTorr) (W) (sccm) (µm/min)
O2 CF4
Partially Cured PI 200 100 94 6 1.3
Fully Cured PI 200 100 94 6 0.55
Fully Cured PI 200 100 80 20 0.9
Table 4.2: Parameters used to etch partially cured PI and fully cured PI
4.5 Reproducibility of PI channel height
Three wafers were coated with 30µm thick PI by the multi-coating method and
microfluidic channels were formed using the optimized etch recipe explained above.
Five point profilometer measurements were done on these wafers to check the unifor-
mity in the thickness and its reproducibility on all the wafers. The same microfluidic
channels with 30µm height were also made in SU-8 and were compared with PI in
terms of uniformity and reproducibility. Table 4.3 shows the data on mean thickness
measurements of channel height with standard deviation for each wafer made in PI
and SU8.
Wafer Number SU8 mean thick-
ness+standard deviation
(µm)
PI mean thick-
ness+standard deviation
(µm)
W1 32.988+1.24 31.38+0.513
W2 34.35+1.285 31.29+0.352
W3 34.606+1.54 31.48+0.396
Table 4.3: Mean thickness measurements of channel’s height along with standard
deviation for each wafer made from SU8 and PI
From the data it is clear that PI has low deviation in the thickness of coating
within a wafer compared to SU-8. Moreover, the reproducibility in the coating across
3 wafers is better in PI than SU-8. This experiment shows that PI is comparable to
SU-8 in order to be used as an alternative material for microfluidics.
4.6 Closed channel microfluidics
Closed channel microfluidic systems were also made by bonding PI to PI and PI to
glass. The microfluidic channels were made on the lower wafer in PI while the top
wafer didn’t have any pattern. Holes were milled in the quartz wafer for creating
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an inlet and outlet for the fluid. The optimization of the parameters for bonding
were also done by keeping the bonding temperature constant at 300℃ and adjusting
the bonding time and force. The time was varied from 15 to 30 mins and the force
was varied from 12 kN to 15 kN. Most of the bonding conditions resulted in the
low yield of the bond as the air gap between two surfaces was quite visible due to
poor bonding in many places on the bonded wafers and in some cases the channels
were closed when the bonding time was increased. The optimal bonding conditions
were found with 15 kN force, bonding time of 15 min for both PI-PI and PI-glass
bonding. The SEM image of PI-bonded to glass is shown in figure 4.7.
Figure 4.7: cross-sectional image of the closed-microfluidic channel formed by PI-
glass bonding under scanning electron microscope
Two bond strength tests were performed to verify the durability of the channel.
These tests are explained below:
4.6.1 Hydrodynamic focusing
Hydrodynamic focusing test was done as a first check for closed channel stability.
As shown in figure 4.8 a blue colored fluid with a flow rate of 1µl/min from two sides
joins a red colored fluid running with a flow rate of 2µl/min in the middle outlet of
the channel and the resulting flow was observed under an inverted microscope.
Sheath Flow
Sheath Flow
Sample Flow
(a) (b)
Figure 4.8: (a) Schematic diagram of hydrodynamic focusing of red colored fluid
flowing at higher rate by using blue fluid flowing at lower rate (b) Image from
inverted microscope of hydrodynamic focusing of red colored fluid flowing at 2µl/min
with blue colored fluid flowing at 1µl/min
It was observed that both blue and red colored fluids followed the laminar flow
even after mixing in the channel i.e. hydrodynamic focusing of red fluid was achieved
and can be seen in the figure 4.8 b which indicates that a reliable bonding strength is
maintained over the whole bonded interface. In figure 4.8 b the shadows appearing
around the boundaries of the bonded channels are due to bending of the channel
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during bonding that can also be seen in the SEM image in figure 4.7. However, this
bending does not seem to be influencing the microfluidic system by the successful
measurement made by hydrodynamic focusing.
4.6.2 Pressure drop test
As discussed in section 4.1, downscaling of microfluidics systems creates more fluidic
pressure inside the channel and for a closed channel microfluidics system it is a major
challenge to sustain such pressure levels. The closed channel microfluidics made by
bonding PI-PI and PI-glass, were also tested for this aspect before implementing it
on SiNW devices. For this reason, a pressure drop measurement setup was made as
shown in figure 4.9.
Pressure Sensors
Inlet Outlet
Bonded Interface
Syringe
Microfluidic Channel
Water Filled Reservoir
Figure 4.9: Schematic diagram of the setup used for pressure drop measurements
The setup consists of two gauge pressure sensors that are flush mounted at the
inlet and outlet of the microfluidic channels. These pressure sensors are powered by
a keithley sourcemeter and their output is connected to the PC via a DAQ card and
interfaced with a Labview program. The measurement range of the pressure sensors
is up to 250 psi/17.2 bars which is equivalent to the output voltage of around 140
mV. The calibration of these sensors is confirmed by using a compressed air source
with an external gauge pressure sensor. In the LabVIEW program, the output of
both the sensors is recorded simultaneously to observe the pressure drop across the
microfluidic channel at different fluid flow rates due to possible deformation in the
channel.
In pressure drop experiments, a linear behavior was observed within the test
pressure range up to approximately 15 bars for both PI-PI and PI-glass bonded
channels as shown in figure 4.10 with dimensions of Length ×Width × height =
3118×77×22.9 µm and length×width×height = 3118×77×11.6 µm respectively.
The flow rate was changed from 0.001 – 0.8 ml/min which is the range of flow rates
most commonly used in microfluidic systems. These results are comparable to the
findings by [93] where the fabrication process of forming closed microfluidic channel
in flexible electronics is demonstrated. The hydraulic resistance of the channels
was also extracted from these experiments and was compared with the theoretical
values calculated by using Hagen-Poiseuille law for a rectangular channel with these
dimensions. These values are depicted in the table 4.4
The experimental values match quite closely to the theoretical values which show
that less deformation or delamination of bond occurs in this pressure range. Based
on the bond strength test it was concluded that PI bonded channels are suitable for
closed-channel microfluidics and can be implemented on SiNW based biosensors.
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Figure 4.10: Pressure drop test after bonding (a) PI-PI bonded microfluidic channel
with dimension Length×Width×height = 3118×77×22.9 µm (b) PI-glass bonded
microfluidic channel with dimensions length × width × height = 3118 × 77 × 11.6
µm
Hydraulic resis-
tance[Pa s/m3]
PI-PI 3118×77×22.9 (µm) PI-Glass 3118 × 77 × 11.6
(µm)
Theoretical
value
4.98 1013 3.44 1013
Experimental
value
4.82 1013 1.96 1014
Table 4.4: Comparison of hydraulic resistance values from experimental data with
theoretical calculations
4.7 PI microfluidic integration with SiNW Bio-FET
After optimization of the fabrication process for forming microfluidic channels on
quartz substrate, the next step is to integrate this process with the SiNW Bio-FET
device fabrication process. There are two options to achieve this aim: one is to
make the channels directly on top of SiNW and pattern them by dry etching and
the other is to make the channels in quartz wafer and bond them to SiNW wafer to
form closed channel. Since the functionalization protocol developed by the research
group relies on open microfluidic channel, the first option was preferred, i.e. use PI
as a passivation layer and microfluidic channel. For this reason the recipe developed
by using both Si3N4 and Al mask with partially cured PI was used. The initial Bio-
FET devices in PI were made by using Si3N4 as a mask. These devices demonstrated
good results in the biosensing experiments as discussed in chapter 7 which provided
the basis to make a shift from SU-8 to PI. However, the limitation for this process
is that channel height of more than 10µm using this mask is not possible as fluorine
based gases will etch away the mask. To overcome this limitation and to develop a
standardize process for all channel heights; process by using Al mask was developed.
During the testing of the devices two problems were observed after patterning the
microfluidic channel on top of SiNW. The first problem was that during the etching
of PI the surface roughness of PI was around 500 nm after etching 10µm of PI,
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getting larger as the PI thickness increases. This results in non-uniform etching of
PI and later some patches of PI are still left which can be seen on top of SiNW.
The second problem was observed where the cross-linking of two SiNW was found
by two probe measurements which is due to bad passivation properties of PI.
To overcome these problems, it was decided to fully cure the PI at 350℃ for 1
hr after spin coating which improves the passivation properties as advised by the
supplier and then further optimize the recipe for etching PI to reduce the surface
roughness during the etching process. Table 4.5 shows the optimized recipe that
resulted in cleaner surface on top of SiNW
Pressure Power Gas Flow Etch Rate
(mTorr) (W) (sccm) (µm/min)
O2 CF4 Ar
Step 1 200 100 80 80 20 0.75
Step 2 Pump and purge
Step 3 Pressure Power O2 N2 Ar Etch rate200 100 80 20 20 0.5
Table 4.5: Recipe to etch fully cured PI with low surface roughness
The time for step 1 was adjusted based on the thickness of the PI and etch rate
and the step 3 was set to remove last 1 µm of the PI without CF4 because of its
ability to etch the SiNW. This process recipe resulted in the absolutely clean surface
on top of SiNW and also good passivation properties.
4.7.1 Closed Channel Microfluidic Channel on SiNW Bio-
FET
The second option of forming closed channel microfluidics on top of SiNW was also
studied. The fabrication steps are explained as follows:
• Microfluidic Channels are formed by etching partially cured PI with Al mask
on a quartz wafer
• Before removing Al mask inlet, outlet and electrical contact openings were
removed on the quartz wafer by laser micromachining.
• The Al mask was then removed from the quartz wafer followed by aligning to
the SiNW Bio-FET wafer and bonding.
Figure 4.11 shows the optical image of SiNW Bio-FET after bonding and dicing
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(a) (b)
Figure 4.11: (a) SiNW Bio-FET sensor with closed microfluidic channel alongwith
open inlet, outlet and electrical contacts (b) Auto cad image of inlet, outlet and
contact openings used in laser micromachining
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Chapter 5
Measurement Setups
In this chapter all the measurement setups are discussed that are used for charac-
terization of SiNW Bio-FET and bio sensing experiments.
5.1 Setup for 1st Generation process
This measurement setup was developed by a former master student Micheal Jør-
gensen at NaBIS group. The setup consists of switching system in Faraday’s cage,
current pre-amplifier systems (Stanford research SR570), daq card (NI PCIe-6251)
and PCI card for lab view (NI BNC-2111). These components work together in a
way that the the daq card is connected to both the switching system (that switches
source-drain from one SiNW to the other) and the current pre-amplifier. The outputs
and inputs are controlled through lab view program via PCI card. The Faraday’s
cage contains switching system with the connections to the ZIF socket through data
cable and as well as the microfluidics system on chip (with tubes for inlet and outlet
of fluid on the SiNW) as shown in figure 5.1. In all the measurements made in this
project the microfluidics within the switching system was not used. The top lid of
the box was opened while making sensing experiments as the small amount of the
liquids were pipetted directly on top of the SiNW chip. The rest of the connections
(a) (b)
Figure 5.1: (a) Photo of switching system used to switch between four SiNW on
one chip (b) Image of ZIF socket where the SiNW chips are inserted (taken from
master’s thesis).
in the measurement setup are shown in the figure 5.2. The impedance measurements
on the SiNWs are made by applying voltage across SiNW through daq card port
AO0 (the actual voltage is measured through AI0) and measuring the current from
the SiNW using current pre-amplifier which converts it to the voltage and amplify
the voltage to a level specified in the PC interface, this voltage is then communicated
through the daq card port AI1and communicated to the lab view program.
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Figure 5.2: The measurement setup where the PC is connected to the current am-
plifier via PCI card and daq card. The co-axial cables from the amplifier are going
to the switching box and to the daq card (master’s thesis).
5.1.1 Impedance measurement of the SiNW
As a first step, the voltage and frequency to be applied across SiNW are specified
in the LABVIEW user interface. In all the measurements, the voltage was set to
100 mV and frequency was set to 1 Hz which means measurements were made in
DC volts. Figure 5.3 shows a screen shot of the LABVIEW interface. Then by
Figure 5.3: Screen shot of LABVIEW interface where the applied voltage and fre-
quency and set on the labeled area (master’s thesis)
pressing start button the program runs by acquiring the data from the connected
pre-amplifier in which the signal has some noise as shown in step 1 in the figure 5.4.
The digital filters shown in the figure 5.3 filters the noise from the signal which is
shown in step 2 in figure 5.4. In step 3 the phase difference between voltage and
current is determined. If there is no phase shift then the current and voltage signals
are aligned in step 4. This aligned signal is then plotted as current vs voltage in
step 5 with a linear fit. The reciprocal of the slop then gives us the modulus of the
impedance. The LABVIEW program saves the impedance data as text file where
each measurement is made after one second. The duration of measurements is set by
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Figure 5.4: Different steps in the extraction of impedance from the raw signal im-
plemented in LABVIEW
putting the time in seconds in the LABVIEW interface. The real time impedance
value is shown on the interface as well. Figure 5.5 shows the screen shot of the
measurements results.
Figure 5.5: Screen shot of the LABVIEW interface with impedance display in table
and as well as on the plot
5.2 CMOS Setup
The CMOS setup was provided by the EU Marie Curie project partner at ETHZ
Basel. The purpose was to make a portable setup that can be transported to different
partners where they can make detection at their laboratories. This CMOS setup is
shown in the figure 5.6 The signal from the CMOS setup is communicated through
Figure 5.6: CMOS setup where the ZIF sockets are integrated with the circuit board
connecting CMOS chip with SiNW
USB cable into the PC where the real time measurements are viewed and recorded
at the interface made for running the setup.
The advantage of this setup compared to the 1st setup is that it is portable and
it can record and display the data on all the four SiNWs at the same time.
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5.3 Characterization Setup
The fabricated chips were characterized by inserting the chip in the ZIF socket
soldered on the PCB board the cables for source and drain are also soldered on the
PCB with different colors to differentiate between SiNWs connection. Figure 5.8
shows the image of the PCB board with SiNW chip inserted in the ZIF socket. The
back gate is applied with the help of copper tape which sticks well on the back of
the chip as shown in figure 5.7. The source-drain potential is applied by attaching
Figure 5.7: PCB board with ZIF socket and source-drain connections soldered on
it. The SiNW chip has the copper tape stick to its back.
crocodile pins to the source and drain of each wire with specific color by using
keithley source meter 2400. For back gate voltage the crocodile pin is attached to
the copper wire and the voltage is applied with the help of another Keithley source
meter 2400. The grounds of both the keithleys are connected together.
Both the keithleys are controlled through a LABVIEW program which applies
and records the measurements of source-drain current and back gate leakage current
at the same time and plots all the points in the real time as well.
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Chapter 6
Electrical Characterization of Sensor
In this chapter, all the characterization techniques, used to ensure the reproducibil-
ity, high throughput and better functioning of SiNW-BioFET sensors, are discussed
in detail. The first section explains the secondary ion mass spectroscopy technique
that is used to count the number of dopants in the polysilicon after deposition. In
the second section, the field effect characterization techniques for the SiNW Bio-
FET device are explained. These give an idea of the sensor’s response to the change
in electrical field upon binding of the analytes onto the surface of functionalized
SiNW. Thereafter, the electrical measurements done during different fabrication
process steps are presented. These are used to trace any problems arising during
the fabrication that can cause the malfunctioning of the device in the end. Lastly,
the effect of annealing on the improvement of electrical behavior of the sensor is
elucidated with the help of measurements.
6.1 Secondary Ion Mass Spectroscopy (SIMS)
The prime and most important factor for the correct function of the SiNW Bio-FET
devices fabricated in this project is the in-situ doping of the polysilicon with the
boron dopant concentration of around 3− 5× 1018atoms/cm3. This level of dopant
concentration in polysilicon can potentially provide a better ohmic contact with
metal as well as better sensitivity of SiNW for biosensing [79, 80]. While developing
the recipe for in-situ doped polysilicon, the secondary ion mass spectroscopy (SIMS)
technique was used to determine the concentration of boron atoms in the polysil-
icon thin film. Figure 6.1 shows the SIMS measurements on 50 nm thick in-situ
doped polysilicon done immediately after deposition. The increase in the dopant
concentration at the bottom of the polysilicon is due to the fact that according to
the recipe use the furnace first releases diborane (B2H6) gas at a flow of 7 sccm for
a few minutes and then releases the silane (SiH4) gas. Several recipes were tried,
where the B2H6 gas flow in the furnace was reduced from 7 sccm to 5 sccm and 3
sccm respectively, while keeping the SiH4 gas flow constant. The SiNW Bio-FET
devices were made by using polysilicon deposited by these recipes in the 1st gen-
eration process and tested in the measurement setup for 1st generation devices. A
major capacitive behavior was seen in the impedance measurements, where a phase
shift of more than 60° was measured. This was an indication of bad ohmic con-
tact between metal and polysilicon due to low concentration of boron atoms. After
this measurement SIMS measurements were not made on the polysilicon from these
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Figure 6.1: Dopants distribution within the in-situ doped polysilicon as measured
by SIMS (where 0 is the top surface of the polysilicon and 50 is the bottom)
recipes.
Once an acceptable recipe was made and the Bio-FET devices were tested by
the measurement setup, this recipe was used for the rest of the project. It was found
later by using two probe electrical measurements (explained in section 3) that the
dopants distribution was not the same all over the wafer. On the edges, the dopants
concentration was higher compared to the center of the wafer, which could be due
to the fact that while loading the wafer in the furnace, the boat is filled up with
dummy wafers along with the test wafers in the rest of the slots due to which the
center of the wafer is not exposed to the same amount of gas mixture as the edges
are. This factor can be controlled by either leaving one slot empty between the
two wafers in the boat or by giving a longer stabilization time for B2H6. But these
changes were not tested during this project. The above measurement was done on
the sample taken from the edge of the wafer.
6.2 Field Effect Characterization
After the fabrication of the SiNW device its electrical characterization is done, as
a first step by keeping the source-drain voltage (VDS) constant and sweeping the
back-gate voltage (VG) to monitor the change in source-drain current (IDS) due to
change in applied electrical field and as a second step by keeping the VG to different
constant potentials and sweeping the VDS to observe the change in IDS at each back
gate potential. Through these electrical characterization techniques we can extract
the main characteristics of the SiNW such as mobility of carriers, threshold voltage,
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accumulation mode, depletion mode and trans-conductance.
In this section, the electrical characterization data of all generation processes are
explained in detail by extracting the main characteristics of the SiNW.
6.2.1 Removal of side gate
The earlier devices, made by the 1st generation process, experienced the problem
of source-drain connection loss during functionalization. Further investigations re-
vealed that galvanic corrosion occurs at the very first step of functionalization by
hydrosilylation method (explained in chapter 7), where the native silicon oxide is
removed from the surface of the SiNW with hydrofluoric acid (HF). The side gate,
which is made of Au and is designed to be right next to the SiNW in the microflu-
idic channel (about 2µm away from the wire), acts as cathode and the p-type SiNW
acts as an anode due to their different rest potentials. In the presence of fluorine
ions, polysilicon is removed in an oxidation reaction. The reaction is boosted by
the presence of excess holes in p-type silicon as well as by light induced creation of
electron-hole pairs, increasing the etch rate further. This phenomenon was verified
through literature [103, 104]which led to the removal of the side gate electrode in
Au from the sensor design. Figure 6.2 shows the real time measurements made on
SiNW.
Figure 6.2: Real time measurement of oxide removal and corrosion of polysilicon in
1% HF solution in a flow cell at a flowrate of 0.5µL/min. The graph shows the peak
current recorded at a slow alternating voltage (1Hz) at the amplitude indicated (50
mV and 100 mV). The decrease in current over time indicates the successive removal
of polysilicon from the nanowire and eventually leads to breakdown of connectivity
(courtesy of Andrea Pfreundt)
6.2.2 Electrical characterization of first generation process
The electrical characterization is done by using the setup explained in chapter 5.
The devices fabricated by the 1st generation process with the following specifications
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were characterized first. Table 6.1 shows the device specifications by first generation
process
SiNW thickness 54 nm
Buried Oxide thickness 170 nm
Metal electrodes (Cr/Au) 20 /100 nm
PI microfluidic channel 10µm
Table 6.1: Specifications of SiNW Bio-FET made by 1st generation process
Figure 6.3 shows the field effect behavior of all the SiNWs in one chip when the
back gate was swept from -40V to +40V while keeping the source-drain potential
(VDS) constant at 1 V and 0.3 V. The reason to choose 1V as VDS was to observe
a high change in source-drain current (IDS) at each incremental step in back gate
voltage (VG) while 0.3 V VDS is used to extract the mobility constant and doping
concentration in the SiNW and also to provide a better estimation of the SiNW
behavior at low potentials since the sensing experiments are made at low potentials.
From figure 6.3 it is clear that all the SiNW on the same chip behave similarly and
-40 -30 -20 -10 0 10 20 30 40
2
3
4
5
6
7
8
9
10
11
x 10-7
Back gate sweep,VG (V)
S
ou
rc
e-
D
ra
in
 C
ur
re
nt
,I D
S (
A
)
VDS
 
 
Wire1
Wire2
Wire3
Wire4
Figure 6.3: The change in source-drain current (IDS) of all the four SiNWs with
dimensions L×W × t = 70× 1.5× 0.054µm while sweeping the back-gate potential
from -40 – +40 V when VDS is set to 1V on one chip
they can be gated by the back gate, however, the effect is not large and full depletion
cannot be achieved. In this plots, each point is a mean value of around 15 recorded
points that are made during 2 seconds of measurements at each step.
After the fabrication of the wafers by all generation processes, the first test to
see the significant effect of the back gate potential in the SiNW current, the source
drain potential VDS was set at at 1 V. Once the field effect behavior was confirmed
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then the measurements were made at 0.3 V to extract the transfer characteristics of
the SiNW as 1V is too high for such a small SiNW.
Since the SiNW Bio-FET acts like a resistor, its ohmic behavior was also tested
by measuring the current (IDS) vs voltage (VDS) characteristics of the SiNW at
different back gate voltages. Figure 6.4 shows the IDS vs VDS plot of the SiNWs
fabricated by 1st generation process.
Figure 6.4: The source-drain current (IDS) as function of source-drain potential
(VDS) at different back gate potential (VG)
It can be seen that the effect of the back gate is minimal and that the nanowire
behaves very linearly even at high source-drain voltages, indicating a largely ohmic
behavior.
The main characteristics of the SiNW Bio-FET device can be extracted using
these I-V curves.
6.2.2.1 Mobility constant extraction
The slope of the curve from IDS vs VG in accumulation mode was used to extract
the mobility of the charge carriers by putting its value in equation 2.37 derived in
chapter 2, i.e.
µp =
Ltox
WoxVDS
α (6.1)
Where µp is the mobility constant, L is the length of the SiNW, tox is the thickness
of the buried oxide, W is the width of the SiNW, ox is the dielectric constant of
oxide, VDS is the source-drain potential and α is the slope of the I-V curve.
The mobility of the charge carriers was calculated for all the wires and was
found to be around 1.0328cm2/V s which is in close agreement with literature [105,
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106]. The mobility of the polycrystalline is dependent on the grain size and dopant
concentration [105, 106]. This low mobility is due to small grain size as observed
during the fabrication process shown in figure 3.10 and high dopant concentration.
This also explains the ohmic behavior of figure 6.4.
6.2.2.2 Doping concentration extraction
As mentioned earlier, the dopants distribution was not the same all over the wafer.
The I-V curves produced above were plotted from the data acquired from the device
taken from the center of the wafer. By using the I-V curve again we can use equation
2.38, explained in chapter 2, to calculate the dopant concentration.
p0 =
KL
WµpqtVDS
α (6.2)
Where p0 is the dopant concentration, K is the source drain current at 0 back gate
voltage VDS is the source drain voltage, t is the thickness, L is the length and W is
the width of the SiNW. The dopant concentration after putting all the values was
calculated to be 8.762× 1017atoms/cm3. This dopant concentration shows that the
effective number of dopants involved in the conduction process is lower than the
number of dopants measured through SIMS. It means that not all the dopants were
activated and this led to the inclusion of annealing step in 2nd and 3rd generation.
6.2.2.3 Conclusion
It can be seen from the measurement results that the complete depletion of the wires
was not achieved even by going high up to +40V in back gate potential. Similarly,
the change in IDS as a function of VDS by changing the back gate is found to be
very low. After the electrical characterization of these devices, they were also tested
for bio sensing which is discussed in chapter 7 in detail.
Based on the findings from 1st generation process electrical characterization and
bio sensing experiments the list of improvements were made in fabrication process
as explained in chapter 3 for 2nd generation process.
6.2.3 Electrical characterization of 2nd generation process
The electrical characterization of the 2nd generation process was also done by us-
ing the same setup as that of 1st generation process. Table 6.2 shows the basic
specifications of the devices made by the 2nd generation process.
SiNW thickness 35 nm
Buried Nitride thickness 54 nm
Metal electrodes (Cr/Au) 20 /100 nm
PI microfluidic channel 10µm
Table 6.2: Specifications of SiNW Bio-FET made by the 2nd generation process
Figure 6.5 shows the I-V curves obtained by sweeping the back gate potential
from -15 V - +15 V for a 35 nm thick SiNW.
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Figure 6.5: The change in source-drain current (IDS)all the four SiNWs with dimen-
sions L×W × t = 120× 0.6× 0.035µm while sweeping the back-gate potential VG
from -15 – +15 V when VDS is set to 1V after fabrication by 2nd generation process
It was not possible to apply more than +15 V to the back gate as the leakage
current through the buried nitride increases dramatically beyond this limit and
affects the IDS. The leakage current as a function of back gate potential is shown in
figure 6.6. Theoretically the 54 nm thick nitride layer should be able to withstand at
least 54 V (based on the dielectric strength measurements) but this is not practically
the case. One of the factors influencing this low insulation strength was found to be
the dislocations in Si3N4 at the Si/Si3N4 interface [87]at high temperatures due to
difference in thermal co-efficient of both the materials. It should be noted that the
leakage current measured at 20 V back gate is still one order of magnitude smaller
than the IDS current, so that only 10% of the current goes through the isolation
layer. However, we stopped the measurements at 15 V.
From this point onwards, the leakage from back gate was added as a standardize
test along with the IDS vs VG at VDS of 1V after the fabrication of the Bio-FET
devices.
6.2.3.1 Mobility constant and dopant concentration
By using the slope of the IDS-VG curve and putting it in first equation, the mobility
was calculated as 0.408cm2/V s. Applying this value of mobility in equation 2.38
the dopant concentration was calculated as 3.465× 1019atoms/cm3. The reduction
of the mobility was not in accordance to the hypothesis we made before fabrication
of the devices by 2nd generation. But after going through the whole process and
calculation results following factors were found to be involved in this result.
• The first factor was that the concentration of dopants got higher when the
thickness was reduced from 54 nm to 35 nm. It was due to the fact discussed
earlier in SIMS measurements that in the furnace process B2H6 is released
first for some time before releasing SiH4 and from SIMS measurements it was
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Figure 6.6: Back gate leakage current IG as a function of VG after 2nd generation
process
also clear. In this case, the thickness was grown to only 35 nm which resulted
in high dopant concentration and the annealing step at 900℃ for 30 mins
activated most of the dopants that are involved in the conduction process.
• The other factor was the failure in changing the grain size of the polysilicon.
Following the SEM picture made in figure 3.10 the grain size was unchanged
by treating at 900℃ for 30 mins.
6.2.3.2 Conclusion
The slope of the IDS vs VG was improved in 2nd generation process which was seen
by the increased effect of back gate potential in figure 6.5 mainly due to the reduction
of the thickness from 54 nm to 35 nm but still the complete depletion of SiNW was
not achieved. The mobility on the other hand decreased due to small grain size and
increase in the dopant concentration. These Bio-FET devices were also used for bio
sensing experiment of NKG2D cancer biomarker detection as discussed in chapter
7.
The improvement of the mobility by increasing the grain size and reducing the
dopant concentration was considered along with the reduction of the thickness of
the SiNW in the process that led to the formation of the 3rd generation process with
improved electrical performance. The significant changes made in the fabrication
process are discussed in chapter 3.
6.2.4 Electrical characterization of 3rd generation process
The devices made by 3rd generation process were also characterized electrically.
Figure 6.7 shows the IDS vs VG curve obtained by the measurement setup.
From the figure it is clear that the complete depletion in SiNW was achieved at
around 5 V in Figure 6.7. Since the dopant concentration is not the same all over
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Figure 6.7: The change in source-drain current (IDS)for all the four SiNWs with
dimensions L×W × t = 120× 0.6× 0.02µm while sweeping the back-gate potential
from -10 – +10 V when VDS is set to 1V after fabrication by 3rd generation process
the wafer, the voltage needed to completely deplete the SiNW varies between 5-10
V. In the above mentioned case the devcie was taken from the center of the wafer
which has less dopant concentration.
The back gate leakage characterization as shown in figure 6.8 also showed the
improvement in the insulation property of the buried insulator due to the fact that
30 nm dry oxide was added between Si/Si3N4 interface.
This insulation property could be improved further by increasing the thickness
of oxide but then a higher back gate potential will be required to deplete the SiNW.
Since we have to make sensing at sub-threshold regime and to use the device in the
Point-Of-Care (POC) setup low back gate voltages are preferred.
6.2.4.1 Mobility and dopant concentration
Since the buried nitride has been replaced by the stack of SiO2 and Si3N4 layer the
capacitance per area was recalculated where the two layers are connected in series.
According to equation 2.36 from chapter 2
α =
WµpC
∗
ox
L
VDS (6.3)
From this equation µp can be written as
µp =
Lα
WC∗oxVDS
(6.4)
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Figure 6.8: Leakage current IG as a function of back gate VG swept from -45 V -
+45 V on the SiNW after 3rd generation process
where C∗ox =
ox
tox
But for a buried insulator having SiO2 and Si3N4, C∗ox will have to
be modified as
1
C
=
1
Cox
+
1
Cnit
1
C
=
tox
ox0A
+
1
nit0A
(6.5)
deriving the above equation to get C/A = C ′ gives C ′ = 6.09× 10−4F/m2
Now using these values in equation 2.37 the mobility was found to be 3.594cm2/V s
and dopant concentration was obtained to be 7.55× 1017atoms/cm3. The increase
in the mobility is due to the fact that grain size has been increased (grain size was
not possible to measure in SEM anymore due to a lot of discharging) and can be
inferred from the SEM image in figure 3.12b and at the same time reduction in the
dopant concentration. This process change has proved the hypothesis which results
in the better sensitivity of SiNW.
The voltage controlled resistance characterization of these SiNW was also done.
Figure 6.9 depicts the change in IDS at different back gate voltages when the VDS
is varied.
From the figure 6.9 it was observed that the gating effect has a bigger influence
on the resistance of the SiNW, but at the same time on the –ve VDS the saturation
was not achieved as compared to the characterization results achieved by Lieber’s
group [63]. The trouble shooting was done on the measurement setup and it was
observed that the source to gate potential was not referenced to the same ground
and there is some kind of loop that exists between the two grounds (highlighted in
red in figure 6.10 when the polarity of the source is changed. Figure 6.10 shows the
schematic of the connections in the measurement setup.
To confirm the problem in the measurement setup one of the chip was charac-
terized in the semiconductor analyzer equipment by Agilant.Figure 6.11 shows the
IDS vs VDS curve for 3rd generation device measured by Agilant.
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Figure 6.9: The source-drain current (IDS) as function of source-drain potential
(VDS) at different back gate potential (VG)
S D
G
Figure 6.10: Schematic diagram of the connections in the setup. The possible leakage
is coming from the loop between two grounds highlighted in red.
6.2.4.2 Conclusion
From the electrical characterization results of 3rd generation, we can claim that a
better sensitive SiNW has been fabricated by using novel in-situ doped polysilicon
which has the same characteristics as that of the devices made by Lieber’s group
[63]. Further, bio sensing on this generation devices are under progress
6.3 Two probe electrical measurements
As during the fabrication of the 1st and 2nd generation devices there were a lot of
nanowires with no source-drain contact for reasons that we could not understood,
we decided to troubleshoot the process by performing electrical measurements to
verify the contact after each relevant process step. The results were used in order
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Figure 6.11: The source-drain current (IDS) as function of source-drain potential
(VDS) at different back gate potential (VG)
to improve the process (e.g. replace the PI passivation layer with sputtered nitride)
and improve the contacts.
In the following sections the observations made at each step during fabrication
of 3rd generation devices are presented.
6.3.1 After polysilicon deposition
Two probe measurements were done at 5 points on the 4 inch wafer after the in-situ
doped polysilicon deposition, where the distance between the probes was kept to
550µm. Table 6.3 shows the measurements made at different places on the wafer.
Location on the wafer Resistance Measurement (Ω)
Top 143 K
Center 470 K
Bottom 108 K
Right 119 K
Left 72 K
Table 6.3: Two probes measurement at five locations on the wafer after 28 nm thick
deposition of polysilicon
From the measurements, it is clear that the dopants are not uniformly distributed
across the wafer. The center of the wafer has a lower dopant concentration than the
edges.
6.3.2 After oxidation and annealing
Similarly, the measurements were made after dry oxidation of 1 min and 20 mins
annealing at 1100℃, while keeping the distance between the probes to 550µm. Table
6.4 shows the measurements made at different places on the wafer.
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Location on the wafer Resistance Measurement (Ω)
Top 200 K
Center 300 K
Bottom 68 K
Right 109 K
Left 78 K
Table 6.4: Two probes measurement at five locations on the wafer after oxidation
and annealing on 20 nm thick polysilicon
The measurements show that some re-distribution of dopants occurs after this
process but not a significant difference is observed across the wafer. However, it
confirms that the high temperature oxidation is not at this point responsible for loss
of contact.
6.3.3 After Electrode deposition
The next measurement was made after metal deposition of TiW and Au to check the
resistance across source-drain contacts. Table 6.5 shows the resistance measured on
four SiNWs on the same chip. From the measurements it is observed that in some
Chip Name (L×W =
70× 0.6µm)
Resistance
Wire1(MΩ)
Resistance
Wire2(MΩ)
Resistance
Wire3(MΩ)
Resistance
Wire4(MΩ)
B01 100 90 X 160
B05 155 160 X 153
B09 156 159 84 X
C04 X 185 177 168
C08 180 184 183 174
C12 162 152 160 132
D03 X X 194 190
D07 X X 180 192
D11 88 89 159 160
E02 X X X X
E06 175 171 191 166
E10 158 173 127 139
Table 6.5: Two probes measurement on four SiNWs of three chips on each column
of the wafer
of the wires there were no connections (as indicated by X). At the same time the
wires with the connections had a lot of drift in the resistance values and there was
a big difference in the resistance values on each of the four wires on the same chip
6.3.4 After Contact annealing
To improve the contact and stability in the resistance values the annealing step was
made at 350℃ for 1 hour. The two probes measurements on the same chips were
made after annealing. Table 6.6 shows the resistance measurements after contact
annealing.
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Chip Name (L×W =
70× 0.6µm)
Resistance
Wire1(MΩ)
Resistance
Wire2(MΩ)
Resistance
Wire3(MΩ)
Resistance
Wire4(MΩ)
B01 48.4 47.25 52.8 61.2
B05 44.42 45.9 X 49
B09 39.6 38.4 38.2 63
C04 108.2 100.6 102.4 90.06
C08 72.65 77.5 87.8 87.6
C12 48 41.6 40.02 41.04
D03 94.5 93.1 96.5 102.2
D07 101.1 82.1 83.6 107.3
D11 46.1 45.8 57.3 64.18
E02 177 143 127.5 X
E06 63.5 51.2 68.2 62.3
E10 51.7 54.5 50.6 50.2
Table 6.6: Two probes measurement on four SiNW of three chips on each column
of the wafer after contact annealing
The above measurements showed that the contact between metal and polysilicon
was improved significantly and more stable resistance values were recorded. More-
over, the difference in the resistance value between the four wires on each chip was
also reduced. Some SiNW that were not giving connection in the earlier step also
got the connection. After this step the yield of the fabrication process increased
significantly.
Figure 6.12 shows the distribution of resistances before and after contact anneal-
ing based on the measurements on all the SiNWs on one wafer during fabrication
process. The figure clearly shows the trend of improvement in the contact resistance
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Figure 6.12: The trend of contact resistance between SiNW and Au before and after
annealing
between Si and metal.
6.3.5 Passivation by sputtered Si3N4
The recipe for the sputtered Si3N4 was also optimized. A Si target was used and by
changing the ratio of Ar to N2 in the plasma, the dielectric strength was improved.
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Table 6.7 shows the parameters used for deposition. The dielectric strength tests
were made after the deposition of nitride layer by each recipe.
Gas ratio Power (W) RF Power (W) Dielectric strength (V/nm)
Ar 10% of N2 90 10 0.25
Ar 25% of N2 90 10 0.65
Table 6.7: Dielectric strength of sputtered Si3N4 at different Ar:N2 ratio
The resistance measurements were made on the SiNW after sputtering as well
but no significant change was observed.
6.4 Conclusion
Based on all the electrical characterization measurements made on the devices fab-
ricated by all three generation processes, it is concluded that the SiNW Bio-FET
devices made by the 3rd generation process have the best sensitivity to external
applied field, which means that their response to the field effect produced by the
biomolecules will be higher compared to the devices made by other generation pro-
cesses. These structures were the only ones that could be fully depleted at relatively
low gate voltages (maximum 4 V), which is also desirable since the device is to be
used in a Point-of-Care setting, where low power consumption is necessary.
The magnetron sputtered TiW doesn’t have good adhesion to the SiNW contact
pads and requires RF cleaning step but it acts as a good diffusion barrier layer
for Au. The contact annealing greatly improved the metal to silicon contact. The
dielectric strength of sputtered nitride is good enough to provide passivation of
gold electrodes. Use of sputtered nitride instead of PI, which was also serving the
purpose of functioning as a microfluidic channel, means that a separate microfluidic
channel needs to be fabricated e.g. in PDMS and aligned to the chip outside the
cleanroom. Such structures were fabricated by PhD student Andrea Pfreundt (also
part of EngCaBra) and were shown to function very well.
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Biosensing
In this chapter all the experiments done on SiNW Bio-FET devices for biomolecules
sensing are explained and discussed in detail. The first section briefly describes the
functionalization procedures that were used to modify the surface of the SiNW to
enable binding of the biomolecules on the surface. In the later sections, the sensing
experiments carried out by using 1st and 2nd generation devices are described.
Lastly, the pH sensing experiment using 3rd generation process is elucidated.
7.1 Functionalization of SiNW
The surface functionalization of the SiNW is carried out by surface chemistry tech-
niques that use either the native oxide on SiNW surface (process known as silaniza-
tion) or the bare Si surface by removing the native oxide (process termed as hy-
drosilylation). By using these methods, an affinity layer is formed on top of SiNW
that interacts with the analyte of interest. The functionalization protocols used in
this project are developed by PhD student Andrea Pfreundt from the NaBIS group
and a Post Doc Lars Andresen from the University of Copenhagen.
7.1.1 Silanization Method
OH OH OH OH OH OHOH OH OH
Si SiO2
OH OH
Figure 7.1: Schematic diagram of functionalization steps with APTES (the cross-
linker in this case is Glutaraldehyde)
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In this method, firstly the oxide surface of SiNW is changed to –OH terminated
surface by cleaning the device in pure ethanol followed by exposure to oxygen plasma
(the detailed recipe can be found in the appendix). Thereafter, the organosilane 3-
Aminopropyl-triethoxysilaneis (APTES) is covalently bonded to the SiNW, which
forms a monolayer and turns the surface of SiNW to a –NH2 terminated surface.
This surface has now affinity to bind with biomolecules like proteins, antibodies etc.
To ensure the stability in the binding of biomolecule to the APTES, a cross-linker is
also added to the APTES which can have –NH2 or –COOH terminator depending
on the configuration of the target biomolecule. Figure 7.1 shows the schematic of
the functionalization steps.
7.1.2 Hydrosilylation Method
By this method an –H terminated surface on Si is produced by etching away the
native oxide. The surface is then turned to an –alkyne terminated surface by in-
cubating it in alkyne solution in the presence of UV light and absence of oxygen
and moisture for longer time. The monolayer formed in this way is quite stable
and does not need the cross-linker. The binding event of protein, e.g. antibody,
takes place when the protein is first conjugated with an azide and then chemically
reacted with the alkyne layer in the presence of Copper ions Cu (I) that catalyze
the process. This coupling process of antibody to alkyne terminated surface is also
called click-chemistry. Figure 7.2 shows the schematic diagram of functionalization
steps by Hydrosilylation method.
Si SiO2
H H H H H C C C C C
CH CH CH CH CH
C C C C C
CH CH CH
Figure 7.2: Schematic diagram of functionalization steps by Hydrosilylation method
where alkyne terminated surface (in this case 1,7 Octadiyne) is formed on SiNW
followed by antibody attachment by click chemistry
7.2 Bio-sensing with 1st generation process devices
After the fabrication of devices by 1st generation process, the bio-sensing exper-
iments were done using both the silanization and the hydrosilylation method for
functionalizing the SiNW. Two biological assays were performed using these devices,
namely antibody-antigen detection and DNA hybridization. The DNA hybridization
detection was done by using silanization while the antibody-antigen binding system
was tested using hydrosilylation method. These sensing experiments are explained
below in chronological order.
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7.2.1 Primary-Secondary antibody binding detection
Binding of primary to secondary antibody concept is used for various in vitro im-
munological assays. This binding system was used to test the very first working
prototype of Bio-FET devices produced by 1st generation process.
Si
C C C C C
CH CH CH CH CH
C C C C C
CH CH CH
C C C C C
CH CH CH
Figure 7.3: Schematic diagram of the steps used to detect secondary antibody by
utilizing hydrosilylation method to functionalize the surface of SiNW with primary
antibody.
In this sensing experiment, the functionalization was done by using the hydrosi-
lylation method with no cross-linker. The sequence of all the steps used for the
detection of the binding process is as follows:
• The first step is to functionalize the SiNW by hydrosilylation method as ex-
plained in the earlier section and then immobilize the primary antibody which
is covalently bonded to the –alkyne terminated surface of the SiNW by click-
chemistry.
• The next step is to set the baseline resistance by taking measurement with the
Phosphate Buffered Solution (PBS) on the SiNW.
• Increasing concentrations of the secondary antibody (400 ng/ml, 4µg/ml and
40µg/ml) are then immobilized on the surface of the SiNW and electrical
measurements are recorded for 20 seconds, which gives 20 recording points of
the resistance values on each of the four SiNW on the chip.
SiNW surface is washed with PBS between all steps to remove any non-specific
bound antibody. Figure 7.3 shows the schematic diagram of the detection principle
of primary to secondary antibody system on SiNW using first technique.
7.2.1.1 Measurement Results
All the electrical measurements were done by using the setup for 1st generation with
Labview interface explained in chapter 5 and are represented in figure 7.4.
7.2.1.2 Discussion
This experiment was performed in the first year of the research project when the
first prototype of the SiNW Bio-FET using in-situ doped polysilicon was made by
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Figure 7.4: Change in conductance upon binding of different concentrations of the
secondary antibody to the SiNW Bio-FET surface functionalized with the primary
antibody. Here nw1-nw4 represents SiNW1-SiNW4 present in one chip (Phd summer
school teaching results)
1st generation process, where the microfluidic channel was made in SU-8. The back-
ground behind the development of this prototype is explained in detail in chapter
8. From the plot it can be seen that all the four SiNWs responded in the same way
when the different concentrations of the secondary antibody are added which bind
specifically to the primary antibody. The change in the conductance after addition
of increasing concentrations of secondary antibody is seen due to the attachment
of the more secondary antibodies to the unbounded primary antibody immobilized
on SiNW. However, the conductance change between 4µg/ml and 40µg/ml of sec-
ondary antibody is comparatively low that can be attributed to low number of
available binding sites (assay saturation). This change in response of the SiNW
upon binding of analyte proves that the in-situ doped polysilicon can be used for
detection of biomolecules.
But at the same time, several problems were identified during the measurements.
The first problem was observed when the impedance of the SiNWs started to get a
phase shift during the detection steps. This could be due to current leaking from the
SiNW into the liquid caused by the bad insulation of native oxide of the SiNW or
could be due to etching of SiNW during the functionalization process that happens
when the gold in the side gate electrode leads to the galvanic reaction in the presence
of HF as explained in chapter 6.
The second problem observed was that out of three devices only one device
showed the behavior that was according to the expected binding of the analyte to
SiNW Bio-FET surface. This could be due to improper functionalization of the
SiNW surface that might have resulted in malfunctioning of the device.
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The third problem that was observed during the experiments was the delamina-
tion of the SU-8 microfluidic channel at different stages of functionalization. The
possible reason after discussion in the group and talking to expert users was found
to be that the humidity level in the cleanroom may have gone high during the SU-8
process which may cause possible delamination.
Based on these findings, the changes in the fabrication process were made by
removing the side gate electrode and by making a process where polyimide could be
used as microfluidic channel. At the same time, the investigation into the surface
coverage after functionalization was started by PhD student Andrea Pfreundt.
7.2.2 DNA hybdridization sensing
This model system was chosen due to the high amount of negative charges in the
DNA backbone that can easily change the current flow in SiNW due to its field
effect upon binding. The functionalization method used for this sensing experi-
ment was silanization method. The sequence of steps followed for sensing of DNA
hybridization is as follow:
OH OH OH
Si
SiO2
OH OH OH
NH2
OH OH OH
Figure 7.5: DNA Hybridization sensing sequence on functionalized SiNW surface
where amino conjugated ssDNA is immobilized on the SiNW surface (via Glutaralde-
hyde) followed by specific binding of the complementary DNA
• Monolayer formation of APTES on the SiNW.
• Addition of Glutaraldehyde as a cross-linker to the APTES layer.
• Immobilization of the amino conjugated single-stranded DNA (ssDNA) that
can bind specifically to the carboxylic part of the Glutaraldehyde linker.
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• A negative control is also performed to verify the correct response of the SiNW.
This is done by immobilizing non-complementary DNA (ncDNA) on the sur-
face.
• The positive control is then made by immobilizing the complementary DNA
(cDNA) on to the surface which should bind specifically to the ssDNA.
The resistance of the SiNW was recorded after each step by continuous measure-
ment for duration of around 30 seconds which results in 30 recording points at each
step. Washing with Phosphate Buffered Solution (PBS) is done after each step to
get rid of non-specifically bound molecules that will affect the signal of the SiNW.
Figure 7.5 shows the schematic diagram of the steps involved in DNA hybridization
sensing
7.2.2.1 Measurement Results
The successful measurements were made on sensing DNA hybridization using SiNW
Bio-FET devices. Figure 7.6 shows the measurements made on SiNW after each
step of detection.
V. Label Free Detection of Chromosome Translocation
the graph shown in Figure 17.5 represents a single experiment with the expected
results. There are several possible reasons for this non reproducibility, namely the
functionalization procedure that cannot be precisely contr ll d. More ver, with
the current procedure the DNA probes are immobilized on the natural silicon
oxide present on SiNW, which may shield the effect of the charges redistribution
during binding. Fu thermore, the entire bottom of the channel is covered with
silicon oxide thus APTES functionalization r sults in the probe immobilization
on the entire surface. This may affect the sensitivity of the sensing, as binding
will take place not only on the nanowire surface. APTES functionalization is an
old method of modifying silicon oxide surfaces that is now being replaced by more
reliable methods of direct modification of the silicon surface. Silicon oxide layer
is much thinner on the nanowire, so by applying short etching time only silicon
wire gets exposed and thus the functionalization takes place on the active area of
the sensor.
To ensure that e binding b tween the pr be a d the target DNA is sp cific we
validated the r sults by flu rescence microscopy. We used DNA stra ds that were
fluorescently labeled for proper results visualization. The results are shown in Fig-
ure 17.6. The pictures show a device channel across which a nanowire was present.
As the entire surface of the channel is covered with silicon oxide the probes are
immobilized everywhere. This should not create severe problems during electrical
sensing as the nanowires only react to changes in their vicinity. However, it may
affect the sensitivity. After immobilization of DNA probe labeled with FITC the
green fluorescence appears. It is not changed significantly after incubation with
non-complementary DNA labeled with Cy3. A slight change in colour was visi-
Figure 17.5: A typical graph from the impedance measurements on the SiNW
chip with measurements performed at each step of the procedure. The most
important step is the change in impedance observed after complementary DNA
hybridisation, while no change is observed for the non-complementary strand.
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Figure 7.6: Measurements of SiNW resistance after each step of DNA hybridization
sensing (courtesy Dorota Kwasny)
The sequence of resistance measurements made after each step is as follow:
• The resistance of the SiNW was measured before starting the experiment that
was considered as baseline value.
• After APTES layer the resistance of the SiNW increased due to positive gate
potential formed on top of SiNW.
• The addition of Glutaraldehyde increased the resistance further due to increase
in positive charge carriers.
• The resistance then decreased after immobilization of single stranded DNA on
the SiNW surface due to negatively charged carriers in DNA.
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• The resistance of the SiNW remained unchanged when the non-complementary
DNA was immobilized on the SiNW surface. This is the indication that no
binding occurred on top of SiNW and thus no change in potential was detected
by the SiNW.
• The resistance of the SiNW dropped when the complementary DNA was im-
mobilized on the SiNW surface indicative of the binding event that occurred
when complementary DNA came together with ssDNA resulting in accumu-
lation of negative charge carriers on top of SiNW and subsequent decrease in
the resistance of SiNW.
7.2.2.2 Discussion
The above experiments were performed on the Bio-FET devices made from 1st gen-
eration process when the SU-8 was replaced by polyimide. The polyimide in this
experiment was formed using Si3N4 as masking material. From the above results, it
was proven that the SiNW is sensitive enough to detect DNA hybridization process.
However, they were not reproducible when the sensing experiment was repeated.
The initial reasons were thought to be poor sensitivity of SiNW or improper func-
tionalization of SiNW.
Figure 7.7: Microscope image showing SU-8 layer on top of SiNW after cleaving
SU-8 microfluidic channel from the SiNW chip (courtesy of Andrea Pfreundt)
Detailed investigations were made later by Andrea Pfreundt on the reproducibil-
ity of the functionalized layer which showed that the protocol was not producing
stable monolayers every time. This protocol was then replaced by the protocol made
by Karen Martinez research group in University of Copenhagen. At the same time
steps were taken to improve the sensitivity of SiNW so that the measurements could
be made in the sub-threshold regime of Bio-FET device, based on the findings by
Lieber[72]. In the 1st generation process devices the sub-threshold regime was not
achieved due to certain factors that are discussed earlier in chapter 6.
Another factor that was hurdle in reproducing the DNA sensing results was
the polyimide process. This first experiment was performed on a chip passivated
by polyimide patterned by Si3N4 mask but later on, findings during PI process
optimization forced to shift to use Al mask to pattern PI in order to standardize
the process for all heights of microfluidic channels. But this shift also brought some
problems with it in the fabrication results. The recipe to etch the PI was not good
as it was producing residue layers discussed in chapter 4. This residue layer was also
influencing in the bad functionalization of the SiNW.
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While the optimization of process recipe for PI was in progress, a shift was made
back to an SU-8 microfluidic channel by monitoring the humidity level to avoid any
delamination. But after the fabrication, the DNA sensing failed on 2nd generation
process chips, where the reason was found to be that a small amount of SU-8 was
covering the SiNW which resulted in bad functionalization, hence no sensing. Figure
7.7 shows the image of the SiNW after removing the SU-8 microfluidic channel. It is
clear from the image that some SU-8 is covering the SiNW, despite the fact that the
SU8 process had been optimized. It was concluded that SU-8 microfluidic channels
are not good for SiNW biosensors, considering the significant optimization work
required to build them.
7.2.3 Primary to secondary antibody binding detection
The second attempt was made to detect primary-secondary -antibody binding where
the sensing experiment was carried by using –H terminated Si surface and utilizing
EDC/NHS cross-linker while avoiding click chemistry. The functionalization steps
used for the detection of the binding process are as follows:
• Native oxide was removed with HF
• The 10-N-Boc-amino-dec-1-ene was immobilized on the SiNW and was left
under lamp over night
• The Boc part was then removed by boiling the chips
• EDC-NHS and the primary antibody were then added together
• Increasing concentrations of secondary antibody was then immobilized (with
an incubation time of around 5 mins each) that would attach to the primary
one thereby changing the conductance of the SiNW.
Figure 7.8 shows the schematic diagram of all the steps involved in the detection of
the two-antibody system.
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Figure 7.8: Schematic diagram of all the steps of detection of secondary antibody by
utilizing –H terminated Si surface to functionalize the SiNW with primary antibody
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Figure 7.9: Real time detection results of different concentrations of the secondary
antibody immobilized on the functionalized Bio-FET device.(a) 1st NW on the chip
(b) 2nd NW on the chip (courtesy Pfreundt and Zarmeena)
7.2.3.1 Measurement Results
The CMOS measurement setup was used to make real time measurement of the bind-
ing event. Figure 7.9 shows the real time sensing results from the above mentioned
functionalization protocol.
For a negative control, another chip was used where no functionalization steps
were performed. Figure 7.10 shows the real time measurement made on the negative
control chip.
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Figure 7.10: Real time measurements o negative control Bio-FET device with no
functionalization at different concentration of secondary antibody immobilization
7.2.3.2 Discussion
The above experiment was conducted on the Bio-FET devices made by using 1st
generation process where PI was patterned by Si3N4 mask, and the SiNWs of the test
chip were fully functionalized while for the negative control no functionalization was
performed. Unfortunately, two SiNWs on the test chip were damaged which didn’t
allow measurements on them.
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The change in the source-drain current of SiNW upon immobilization of different
concentrations of secondary antibody on both the test chips is quite clear while no
change was observed in the negative control chip. However, the recorded signal was
extremely unstable, showed drift and there doesn’t seem to be any direct relation
between the concentration and the change in current. Both working nanowires on
the chip show precisely the same behavior though, which could mean that part of the
observed drift can be due to the measurement setup. This experiment also produced
some promising results but due to poor reproducibility in the functionalization of
the SiNW surface further experimentation was stopped.
One of the factors influencing the functionalization was improper removal of Boc-
part in the first step while boiling the chips. Further experimentation was stopped
until the improvement of the functionalization protocol.
7.3 Bio-sensing with 2nd generation process devices
After the slight improvement in the sensitivity of the SiNW in the 2nd generation
process as explained in chapter 6, the detection of the Natural Killer Group 2D
(NKG2D) cancer biomarker was tested in collaboration with one of the EU project
partners at University of Copenhagen, as part of the milestones set in the project.
NKG2D is an activating receptor that is expressed on immune cells and is im-
plicated in various infections and cancers. NKG2D ligands are over-expressed in
various types of tumor tissues and ULBP2 is one of these. This sensing experiment
was carried out by silanization method where the APTES functionalization was done
with the new protocol developed at University of Copenhagen. The sequence of the
steps for the NKG2D detection is as follows:
OH OH OH OH OH OH
Si
SiO2
OH OH OH
NKG2D receptor
NKG2D ligand
Figure 7.11: Schematic diagram of all the steps of detection of NKG2D by function-
alization of the SiNW surface with NKG2D receptors
• APTES monolayer formation by silanization method as explained earlier.
• Immobilization of NKG2D receptor to the APTES
• Base line of the SiNW impedance measurement is done with PBS
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• Adding RPMI medium without any cells
• Adding supernatant from cancer cultured cells which contains the NKG2D
ligand secretions.
• Adding supernatant from the cancer cultured cells treated with the compound
that increases the secretion of the NKG2D ligands.
• Repeating the above sequence for one more time
• Adding pure NKG2D ligand (ULBP2) attached with Fc tag that is bought
from the supplier
5 mins of incubation time is given on each step while making the real time measure-
ment of the binding process by using CMOS setup. Figure 7.11 shows the schematic
of the detection principle for NKG2D ligands.
7.3.1 Measurement Results
The first change in the signal is detected at step 2 label in the figure 7.12 when the
RPMI medium (without cells) is added on the chip. All the SiNW responded in
the same way. The second change is observed at step 3 by the addition of culture
supernatant from cancer cells with low NKG2D concentration. Thereafter, relatively
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Figure 7.12: Real time measurements results of NKG2D ligand binding to receptor
using SiNW Bio-FET
high concentration of NKG2D from treated cells has changed the signal at step 4.
This sequence is repeated again from step 5 to 7 and continuous drop in the resistance
of the SiNW is observed due to binding of additional molecules. At step 8 RPMI
is added which keeps the signal unchanged. From step 9 to 14 the pure and highly
concentrated NKG2D ligands modified with an Fc tag are added. This changes the
signal but surprisingly in the opposite direction than before. That could be due
to the fact that differences in the constitution of RPMI medium used for cultured
cells and 1% Bovine serum albumin (BSA) in PBS used for preparing lyophilized
NKG2D ligand.
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7.3.2 Discussion
This experiment was done as a first trial to see if the SiNW produced by 2nd
generation process could respond to the immobilization of NKG2D. The results
were promising but also shows that the nanowires are not very sensitive, which is
expected considering that the 2nd generation chips could not be fully depleted. This
experiment has not repeated with 3rd generation device due to shortage of time but
is currently underway.
7.4 pH Sensing
After the fabrication by 3rd generation process the first test to check the sensitivity
Bio-FET devices was done by making pH measurements. The experimental setup
used for this test is shown in the figure 7.13. The measurements were made by
Figure 7.13: Measurement setup used for pH sensing experiment. The liquid gate is
applied from the top by using holder with crocodile pin to hold the platinum wire
first pipetting the pH solution on top of the chip and then the back gate was set to
constant potential of 0 V while the source-drain voltage (VDS) was swept from -1 V
to +1V with the step of 0.1 V. Six pH buffered solutions were prepared (pH 1.73,
2.98, 4, 7, 10 and 13 as measured by the pH meter) and were used for the pH sensing
experiment. The sequence of the measurement was dry, MilliQ water, pH7 solution,
pH1.73 solution, pH7 solution, pH 2.98 solution, pH7 solution, pH4 solution, pH7
solution, pH10 solution, pH 7 solution, pH13 solution and pH7 solution. The chip
was washed three times with MilliQ and dried by compressed air after each measure-
ment. Figure 7.14 shows the measurements results From the results it can be seen
that at lower pH values the difference measured by SiNW is comparatively small
while at pH 13 the SiNW showed a significant change followed by the same change
in pH 7 measurements made soon after pH13. This is due to the fact that pH13 is a
basic solution that attacks the SiNW and etches it which leads to the change in the
signal for different dimension of SiNW which was verified by the pH7 measurement
made after pH13. To troubleshoot this behavior, the test was made on the leakage
of current from SiNW into solution as the above behavior was seemed to be due
to current flowing through liquid which has less resistance compared to the SiNW.
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Figure 7.14: pH sensing results showing the source-drain current IDS vs source drain
voltage VDS curve when the VG was set to 0V.
For this purpose, the liquid gate was used by dipping the platinum wire into the
solution with pH 7. The source-drain potential was set to 300 mV while liquid gate
was swept from -1V to +1V with the step of 0.1 V. Figure 7.15 shows the behavior
of the SiNW and the leakage current. From this plot it is clear that the native oxide
Figure 7.15: IDS -vs VLG plot showing the response of SiNW by changing the liquid
gate potential along with the leakage current.
is not completely isolating the SiNW and the percentage of leakage current is high
in the liquid which is influencing the pH measurements as well. The leakage is not
symmetric, as would have been expected. This could have something to do with
the way the measurements are performed, as we first sweep the voltage from 0 to
-1 V to 1 V and back to 0. It is possible that damage occurs to the native oxide at
the high negative voltage, leading to a higher leakage on the positive side. Native
oxide is known for its not so good isolating properties. To overcome this problem,
an extra fabrication process step is added into the 3rd generation process, where the
isolation of SiNW is done soon after patterning by depositing 5 nm of Atomic Layer
Deposition (ALD) of Al2O3. The other choice was doing dry oxidation at 900℃
for 5 mins to grow 5 nm of SiO2 but there was risk of losing more dopants. The
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fabrication of the Bio-FET devices is completed at this point but the measurements
will be done in the near future.
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Chapter 8
Alternative Fabrication Processes
This project was a continuation of the master’s thesis written by Michael Jør-
gensen, where a fabrication process for the SiNW was developed by using the ion-
implantation method to highly dope source-drain contacts on single crystal SOI
wafer, while keeping the SiNW to a relatively low doping level. The process de-
veloped by the student was used as the starting point for fabrication of Bio-FET
devices. Figure 8.1 shows the schematic diagram of the fabrication steps using SOI
wafer.
SiNW
Device Layer Electrodes Microfluidic Channel
Figure 8.1: Schematic diagram showing step by step fabrication of the SiNW
device(a) SOI substrate(b)Pattern SiNW by dry etching and ion-implantation of
source-drain (c)e-beam evaporation of Au and lift-off process(d)Microfluidic chan-
nel formed using SU-8
This process was followed also in the beginning of the project in order to repro-
duce the results obtained by the master project. The SOI wafers that were used
were very expensive and therefore we had a limited amount of wafers available for
doing this process, which is one of the reasons it was eventually abandoned.
8.1 Fabrication Steps by ion-implantation method
The first batch of SiNW Bio-FET devices was made by using the above mentioned
fabrication process. All the fabrication steps along with the problems experienced
are explained in detail below.
8.1.1 SOI Wafer selection
SOI wafers with the specifications shown in table 8.1 were ordered from ”University
Wafer” for this process whereby each wafer costed around $325, compared to the
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$10 that a standard wafer costs.
Type/Dopant Orientation Device Layer
Thickness(µm)
Resistance(Ω-
cm)
Oxide
Layer(µm)
Wafer
thick-
ness
P/B <100> 0.05+/-0.002 1–20 0.404+/-
0.002
525+/–
20
Table 8.1: Specifications of the SOI wafers
8.1.2 Wafer Thinning
To fit the devices in the ZIF socket the thickness of the wafers has to be reduced
from 525µm to 350µm. For this purpose the wafer was thinned down as a first step
from the backside by Deep Reactive Ion Etching (DRIE) process. The recipe used
for this process can be found in the appendix
8.1.3 Patterning Silicon Nanowires
As a second step, the SiNW were patterned by Reactive Ion etching (RIE) using
photoresist as a mask. The mask contained structures of SiNW without contact
pads as shown in figure 8.1b. A mixture of SF6 and O2 was used for etching the
silicon and by using the “End Point” detection function in the machine the optimum
etching time was established.
8.1.4 Ion-Implantation of source-drain
The next step was to ion-implant the source-drain with boron dopants. For this
purpose, the pattern of contact pads was made in photoresist by photolithography
which was used as masking material for ion-implanting source-drain in SiNW. The
parameters used for ion-implantation are shown in table 8.1
Dopant Orientation Dose
(cm2)
Energy
(KeV)
Masking Current(µA)
Boron <1-0-0> 5e14 15 Resist < 100
Table 8.2: Ion-Implantation parameters
8.1.5 Metallization
The source and drain were metallized by e-beam evaporation of 20 nm Cr and 100
nm Au and a lift-off process. To check the connections and measure the resistance
across the SiNW, two probe measurements were done.
8.1.6 Microfluidic channel
As a last step SU-8 polymer, which is a photosensitive epoxy resin with the thickness
of around 70µm, was patterned as microfluidic channel on top of the SiNW chip.
The recipe used to make these SU-8 channels is included in the appendix.
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8.2 Device Testing after ion-implantation
The first tests on the devices failed due to loss of connection between the source and
the drain. The investigations made to diagnose the problem are stated as follows:
8.2.1 Metallization Problem
SiNW
Au contact pad
SU-8 residues
Disconnection
Figure 8.2: Scanning Electron Microscopy image showing the disconnection between
Au and SiNW
The first step taken to diagnose the problem was removal of the SU-8 polymer
from the chip by leaving it overnight in a Dimethyl-Sulfo-oxide (DMSO) solution
and investigating the coverage of Au over the SiNW under a Scanning Electron
Microscope (SEM). Upon inspection through SEM it was found that the Au contacts
were not uniformly covering the SiNW, which led to the problem of lost connection.
Figure 8.2 shows a SEM image where the disconnection between Au and SiNW is
clearly visible when the SU-8 is removed from the chip. This problem was fixed by
making changes in the SiNW patterning mask by combining the contact pads with
SiNW so that metal is deposited on top of Si. SEM image 8.3 shows the better
connection of Au and SiNW after improvement.
Au
SiNW
Figure 8.3: Scanning Electron Microscopy image of Au better coverage on SiNW
with a slight mis-alignment
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8.2.2 Ion-Implantation Parameter
In the second batch of ion-implantation, despite improvement of connection between
Au and SiNW, there was still no connection between source and drain. The trou-
bleshooting was then carried out on each of the fabrication process steps. Upon
investigation of the ion-implantation parameters by running a SRIM simulation, it
was found that the energy of 15 keV for ion implantation was not appropriate for
a 50 nm thick device layer on a SOI wafer. The optimized energy parameters for
ion-implantation were then calculated using SRIM simulations. Figure 8.4 shows the
image of the results by SRIM simulation, where the dopants distribution before and
after optimization are stated. The peaks in the graphs show the peak concentration
of dopants within the target depth of Si.
(a) (b)
Figure 8.4: SRIM simulation results for dopant distribution over the depth of Si
after ion-implantation (a) When energy is set to 15 keV (b) When energy is set to
6 keV.
From the above figure it is quite clear that 15 keV was implanting boron atoms
in the buried oxide instead of the device layer, whereas 6 keV is the right energy
parameter to be used for ion-implanting the contact pads.
However, after discussions with the ion-implantation facility, 6 keV was deemed
to be a very low level of energy to ion-implant the boron target. Diflouroboryl
(BF2) with the energy of 26 keV was recommended by them as a better option that
can provide the same doping concentration level on 50 nm thick Si. Therefore the
suggested parameters were chosen to ion-implant the device layer of SOI wafer.
8.2.3 Annealing Parameters
As part of further rectification of the process sequence, a literature review was also
done on dopant activation parameters. It was found that rapid thermal annealing
(RTA) is a better alternative to the conventional thermal annealing in the furnace
[107, 108, 109]. The annealing conditions to activate dopants were also optimized
by using the RTA machine. To avoid wasting the expensive SOI wafers in opti-
mizing the annealing conditions, few wafers with the same specifications were made
from undoped polysilicon that were also implanted with BF2. Different annealing
conditions were then defined by keeping the ramp up and ramp down time to 120
seconds while changing the temperature and its duration to get uniform distribution
of dopants in source-drain contacts. To examine the distribution of boron within
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silicon, SIMS measurements were made on each sample.Figure 8.5 shows different
annealing conditions that were used to activate the dopants along with the respec-
tive SIMS measurements. Sheet resistance measurements were also made on the
Figure 8.5: Annealing conditions used in RTA along with the SIMS measurements
results
above mentioned samples by the four probe measurements (done by the company
CAPRES using their micro-probes). Table 8.3 shows the sheet resistance values on
each annealing conditions.
Annealing con-
ditions
Temp 900℃
Time 30 sec
Temp 950℃
Time 30 sec
Temp 1000℃
Time 30 sec
Sheet resistance
(Ω)
1745 Not possible 1352
Annealing con-
ditions
Temp 900℃
Time 120 sec
Time 950℃
Time 120 sec
Temp 1000℃
Time 120 sec
Sheet resistance
(Ω)
1817 Not possible 1536
Table 8.3: Sheet resistance measurements on annealed samples
Based on the above measurements, the best annealing condition selected was
1000℃ for 30 secs. Using 1352 Ω as sheet resistance (RS), thickness of device layer
(5.3× 10−6cm) the resistivity ρ was calculated by using the formula
ρ = RS.d (8.1)
This gives the value of ρ as
ρ = 7.95× 10( − 3)Ω (8.2)
By looking into the resistivity vs impurity concentration chart from [66] the dopant
concentration is around 3× 1020atoms/cm3 as shown in figure 8.6. This parameter
was then used to first fabricate the polysilicon SiNW before using it on SOI wafers.
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Figure 8.6: Resistivity vs impurity concentration chart from [66] showing the
achieved dopant concentration after RTA at 1000℃ for 30 secs
The fabrication of polysilicon SiNW wafer faced problems in the RTA step due
to problem in the heating lamp and cooling water in the machine. A lot of damage
occurred to the structures on the wafer at this step due to which this process was
halted until the machine got fixed.
8.2.4 Conclusion
Since this project was a part of an EU Marie Curie program, the main constraint
was achieving the milestones set in the project on time. The first milestone was to
make SiNW Bio-FET devices within the first year and make measurements on cancer
biomarkers supplied by the EU partners. The other constraint that came up early in
the project was unavailability of 4 inch SOI wafers with the same specification that
were used to optimize the fabrication process. To overcome these constraints and
to reduce the reliance on expensive and difficult to get SOI wafers it was decided to
leave this process at this stage and to make a process that is cheap, robust and easy
to make at DTU cleanroom facility.
The two options available as an alternative to the ion-implantation methods
were:
• Diffusion method
• In-situ doped polysilicon method
The work on developing the fabrication process for both the methods was started
simultaneously but due to a stack of problems occurring in both the methods, the
in-situ doped polysilicon method was prioritized due to its potential of producing
faster, cheaper and reproducible devices. The optimization of the whole fabrication
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process by using in-situ doped polysilicon is explained earlier in this thesis. In the
next section, the process developed for diffusion method is explained.
8.3 Fabrication of SiNW by Diffusion method
In this method, boron rich glass known as Boron Silicate Glass (BSG) was deposited
by PECVD technique and patterned on top of the silicon source and drain contacts
of a future SiNW by a wet etching method. The dopants were then diffused into
these contacts by RTA.
8.3.1 Fabrication process steps
Polysilicon based SOI wafers with 170 nm buried oxide and 50 nm undoped polysil-
icon device layers were used to develop fabrication process for SiNW by diffusion
process. The complete process is shown in figure 8.7. Following are the process steps
that are different from ion-implantation method:
Dry oxide (Barrier Layer)
(b)
(e)
Dry oxide (Barrier Layer)
(c)
(f)
Bulk Silicon
Buried Oxide
PolySi
Dry oxide (Barrier Layer)
Dry oxide (Barrier Layer)
(a)
(d)
(g)
Figure 8.7: Schematic diagram of all the fabrication steps for diffusion process. (a)
Deposition of buried oxide as barrier layer on top of polysilicon (b) Patterning of
barrier layer to protect the places from doping (c) Deposition of BSG all over the
wafer by PECVD (d) Patterning of BSG on top of places to be doped (e) Remove
barrier layer and RTA of the sample (f) Remove BSG (g) E-beam evaporation of
Cr/Au
8.3.1.1 Deposition of Barrier Layer
The first step is to pattern SiNW by RIE process followed by the deposition of the
diffusion barrier layer on top. 200 nm thick tetraethoxysilane (TEOS) based SiO2
is deposited in the TEOS furnace. The barrier layer is then patterned to protect
the parts of the wafer that should not be doped. This is done by using patterned
photoresist as a mask and BHF etching to remove TEOS oxide.
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8.3.1.2 Deposition of Boron Silicate Glass (BSG)
The second step is to deposit 400 nm of BSG on top of the wafer using PECVD
technique. Before this, the recipe of the BSG was optimized in PECVD machine,
where the gas flow of B2H6 and SiH4 were adjusted in an optimum ratio to get
the boron rich glass layer. The testing of the BSG to confirm boron content in the
glass was done by wet etch removal of BSG in BHF. The high amount of boron in
the BSG glass reduces the etch rate of the glass significantly. The recipe made for
this process gave an etch rate of BSG of around 15 nm/min vs the 100 nm/min for
standard glass [101]. After the deposition the BSG is also patterned by protecting
the contact pads with the photoresist pattern of the silicon nanowire contacts and
etch away BSG.
8.3.1.3 Diffusion of dopants
The next step is to diffuse down the dopants into the source and drain of SiNW.
For this purpose, RTA technique was used, where different annealing conditions were
tested. Quick tests were made by using two probe measurements after each annealing
test. Table 8.4 shows the parameters used for RTA and the two probe measurements
Based on these results, the parameters chosen for diffusion process were 10 seconds
Ramp up
time
Annealing
Time
Ramp down
time
Temperature TWO
PROBE
120 sec 1 sec 120 sec 1000℃ 1.2(KΩ)
120 sec 10 sec 120 sec 1000℃ 0.24(KΩ)
120 sec 60 sec 120 sec 1000℃ 0.4(KΩ)
120 sec 10 sec 120 sec 900℃ 0.203 (KΩ)
120 sec 10 sec 120 sec 800℃ (Ω)
120 sec 20 sec 120 sec 700℃ 61.34 (KΩ)
Table 8.4: RTA conditions and two probe measurements
annealing at 1000℃. These parameters were used to first test on the wafer without
any pattern and measure the sheet resistance after diffusion process. The sheet
resistance by four probe measurements on the sample was found to be 2.4× 10−3Ω-
cm. This value of sheet resistance gave the required dopant concentration of around
5× 1019atoms/cm3 by referring to the figure 8.6
The results show a certain dependence of the two probe measurements with
annealing time and temperature.
8.3.1.4 BSG and Barrier Removal
Both the BSG and barrier layers are removed by BHF etch while protecting the
other parts of the wafer as shown in figure 8.7
8.3.2 Conclusion
During the development of this process, the shift to the Si3N4 buried insulator was
made in 2nd generation process of in-situ doped polysilicon to obtain the SiNW with
less width. This change was also made in the diffusion process but since the Si3N4
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layer was giving leakage problems at high temperature it got even worse for diffusion
process because the high ramp up time to reach 1000℃ and high ramp down time
was creating problems in the insulation behavior of the nitride layer. This process
was also set on hold until the solution was found for the good insulation properties
of the nitride layer.
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Conclusion and Outlook
The aim of this research project has been to develop a low cost, robust fabrication
process for SiNW Bio-FET sensor with high yield and reproducibility while keeping
the sensitivity of the biosensor to an optimal level. To integrate the biosensor with
microfluidics system that can further be developed into POC device which can be
operated with smart phones which requires low level of power consumption.
To achieve these goals three generations of fabrication processes has been devel-
oped to investigate a novel in-situ doped polysilicon material as a possible candidate
for SiNW Bio-FET sensor in a junctionless transistor configuration. First fabrica-
tion process involved dry etching process to pattern SiNW after photolithography
to achieve SiNW with lowest feature size in microns. These devices with 50 nm
thick SiNW and doping concentration of around 3 × 1018atoms/cm3 showed the
FET behavior upon electrical characterization by using back gate voltage to change
the source drain current in the SiNW but the sensitivity was measured to be at low
level since the complete depletion of the SiNW was not achieved. These devices
were used for bio sensing experiments as well where DNA hybridization and two
antibody systems experiments were successfully tested. However, the results were
not reproduced due to possible malfunctioning of the functionalization protocol and
low response level in SiNW.
The fabrication process was improved in the second generation process by replac-
ing the dry etching with wet etching process to pattern SiNW after photolithography
to achieve SiNW with lowest feature size in nanometers and by replacing 170 nm
buried oxide with 50 nm buried nitride. To improve the sensitivity of the SiNW
annealing of the polysilicon was done at 900℃ for 30 mins to change the grain size
and activate the dopants in the SiNW, and the thickness was reduced to 30 nm.
These devices were tested by electrical characterization and again low sensitivity
was measured as the complete depletion was still not possible even by applying high
back gate voltage. The possible reasons were then identified as no change in grain
size and increase in dopant concentration due to furnace recipe execution sequence.
These devices were also used for sensing NKG2D biomarker where the response of
the SiNW was not significant. The possible reason was found that baseline for the
experiment was not the same throughout the experiment and the response of the
SiNW was not high enough.
In the third generation process, the discrepancies were addressed by replacing
annealing at 900℃ with 1 min dry oxidation and 20 mins annealing at 1100℃ to
change the grain size on 30 nm thick SiNW which reduces the thickness of the
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SiNW down to 20 nm and also reduces the dopant concentration down to 7 ×
1017atoms/cm3. However, this change induces leakage problems from the buried
nitride which was found to be due to grains dislocations in nitride/silicon interface
layer mainly due to difference in thermal expansion co-efficient between nitride and
bulk silicon substrate. This problem was overcome by adding 30 nm of dry oxide
which is viscous at high temperature and reduces the dislocation in nitride layer.
At the same time the metallization of electrodes was changed from Cr and Au to
TiW and Au adjust the problem of disconnection between source and drain of SiNW
after contact annealing step which was happening due to diffusion of Au through Cr
and forming silicide with polysilicon. After electrical characterization the sensitivity
of the SiNW was improved significantly and complete depletion of the SiNW was
possible at very low back gate voltage. Moreover, the electrical characteristics of
these SiNW Bio-FET was found to be similar to the one’s produced by Lieber’s
research group which enhances the possibilities of using this device as a biosensor
element in POC setup. The pH sensing experiments were made by using the devices
made by 3rd generation process but due to leakage of current through SiNW into
liquid the measurements were not good. This is due to bad coverage of native oxide
on top of SiNW which was improved by depositing 5 nm of Al2O3 on top of SiNW
soon after patterning. The device testing is under progress.
To integrate the SiNW Bio-FET device with microfluidic system, polyimide ma-
terial has been investigated as a possible candidate to form microfluidic channel on
top of SiNW. A fabrication process was developed and etching parameters were op-
timized to form PI microfluidic channel on top of SiNW. The possibility of forming
closed-channel microfluidics was also studied by optimizing the bonding parameters
of PI-PI and PI-glass on the wafer level. The strength of the bonding was tested
using hydrodynamic focusing and pressure burst tests. The bonding of the SiNW
to PI was also done by using the optimized bonding parameters where the holes for
inlet and openings of the contact pads were made using laser micromachining on the
PI coated glass wafer.
Base on the electrical characterization and bio sensing experiments results and
comparing them with the research work already done, it can be concluded that the
SiNW fabrication process developed in this project has a potential to be used in
industry to produce low cost Bio-FET devices that will enable its availability in a
POC devices.
By improving the functionalization protocol with the feature of in-flow func-
tionalization of SiNW using microfluidics and developing read-out setup with smart
phone control system this device can be developed into POC device.
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• Fabrication of polyimide based microfluidic channels for biosensor devices,
Azeem Zulfiqar, Andrea Pfreundt, Winnie Edith Svendsen and Maria Di-
maki,Journal of Micromechanics and Microengineering
• Nanoscaled Biological Gated Field Effect Transistors for Cytogenetic Anal-
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Appendix C
Recipes
C.1 In-situ doped polysilicon
Temperature
[℃]
Pressure [mTorr] SiH4 gas flow
[sccm]
B2H6 gas flow
[sccm]
620 200 80 7
Table C.1: Tempress LPCVD polysilicon furnace recipe
C.2 PECVD Si3N4
Temperature
[℃]
Pressure
[mTorr]
SiH4 gas
flow [sccm]
NH3 gas
flow [sccm]
N2 gas flow
[sccm]
300 650 30 30 1470
Table C.2: Oxford Instruments low stress Si3N4
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Appendix D
Functionalization Protocol
D.1 APTES Functionalization
• (Ideally, surfaces should be cleaned in Piranha solution for 15 min at 105℃,
for this refer to the Piranha cleaning protocol, but this can’t be done with the
SiNW chips.)
• Before functionalization the chips should be cleaned thoroughly in absolute
Ethanol and dried in a flow of nitrogen.
• Chips are placed on a microscope slide, facing upwards, and treated with
oxygen plasma for 2 minutes (in the Milling lab at maximal power, 0.5mbar
oxygen)
• After treatment, place chips immediately into 99% Ethanol to preserve the
activated surface.
• Place desiccator on hotplate at 60℃, while flushing Nitrogen through top valve.
• Break off two caps from eppendorf tubes and place into desiccator.
• Clean Hamilton syringes with Chloroform, take 200µL APTES and place into
one of the caps
• Do the same with the 50 µL Hünig’s base (N,N-Diisopropylethylamine) using
the other syringe
• Clean both syringes thoroughly with Chloroform again
• Place chips to be functionalized on a microscope slide and place it into the
desiccator next to the caps, keep a low flow of nitrogen.
• Keep in desiccator for 1h.
• Turn up the hotplate to 110℃ and bake for another 5-7 min.
• Store in desiccator under vacuum until further use.
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